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This report presents a semi-empirical (non-Gaussian) model for the
obscurants that may be generated by wilizary aetivity., These iln-
clude smoke and obscuring asrosol muniticns, dust ¢louds generated
by non-auclear explosive =munitions, and dust generazed by ailitary-
like vehicles. The fiald data and some laboratory experiments are
diszcussed, aad numerous validstiems are provided.
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SUMMARY

This report presents a semi-empirical (non-Gaussian) model for the
obscurants that may be generated by wmilitarv activity. These include
smoke and obscuring aerosol munitions, dust clouds generated by non-nuclear
explosive municions, and dust generated by military-like vehicles. The

field data and some laboratory expuriments are discussed.

Basically the approach adopted here is to generate a predictive model
that will permit the analyst, as well as the field operator, to establish
the thermal and space~time history of the obscurant cloud and the concentra-
rion of tnhne obscurant therein. The input data for the predictions are readi-
ly available to the user. In a similar vein, the explosive dust model sub-

sumes the smoke dispersion model.

The basls, justification, and validation for the various algorithms
are presentad, and the mathematical expressions ro find the mean values and
the deviations of the obscurant concentration spatial-remporal behavior.

Directions for model improvement are discussed.

Lascly, an attempt is made here to present, at the ands of sections,
3 calculational scheme to compute the necgssary parametars to establish
the effect of the various obscyrants on battlefield electro-optical

systems.
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1.1  BACKGROUND

This is a final report on the General Research Corporation (GRC)
effort dealing with the formulation of a model to describe obscurants
and their behavior in a military enviromment. The effort, during the
past two years, has been sponsored by the Night Visiom & Electrooptics

Laboratory under Contract DAAKO2-74-C-0366, and ably monitored by L. Obert.

The model~initially addressed the dispersion of smokes and other
obscuring aerosols.l Emphasis was given to a model that can readily be
used in combat simulation models; however, the physical aspects of the
model were sufficiently broad and accurate that it could be used for a
variety of applications. Subsequently the model has been extended to in-

clude explosive and vehicle-generated dust.

The explosive dust model has two stages. The initial dust cloud is
determine: -y -he hydrodynamics of the explosion (high-explosive) process,
and the dispetsion of this cloud is described by the smoke dispersion model.
Hence, the overall utility of the wmodel becomes broader. It should be
noted that the explosively dispersed bulk whice phosphorus shell (155 mm)

can, if desired, be modeled like explosive dust.

During the past several years the US Army has conducted extensive
field test programs. Data derived from these efforts have been employed
here to some extent to assist in validating the concepts used. However,
full access and use could have furthered the formulation of a more thorough,

flexible model., The reasons for this statement are as follows:

1. The field test data represent a large body of unique
data ou the generation and turbulent dispersion of
various aerosol generators, particularly quasi-

instantaneous types.

1

Zirkind, R., An Obscuring Aerosol Disparsion Model, GRC Report 231, Vols.
I and II, December 1978.
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2. Verification of the laboratory experiments and theoretical

results would have been possible.

Unfortunately, the data have been ''shoehorned” in a preconceived dispersion

model. Hence new model development by the US Army i1s a remote possibility

and many important questions may remain unanswered.

1.2 APPROACH

The objective of the spousored effort has been the development of a
mcdel that can readily predict the properties of a dispersing aerosol cloud
produced by military munitions amnd smoke generators. To meet this objective
a semi-empirical approach was adopted to be consistent with conventional
uillitary procedures, field conditions, and physical phenomena. Specifizaily,
the chemical officer has a limiced set of data for planning purposes and

therefore the inputs should be consisten: with this fact.

0f greater importance is the fact that existing representations of
diffusion based upon Gaussian distribution functioas appear too inadequate
for aerosol releases at or near ground level where the entire dispersal
process occurs within, at most, a several minute period. Examination of
gust data for l-sec sampling and 5-min and 10-min averaging periods exhibit
large difference.s.2 This implies that a very large sample of ianstantaneous
conceatration values would be required to approach a Gaussiat distribution
and obtain the mean value. On the other hand, the fluctuaticnsg per se are
of equal import since periids of low concentraticn along the line of sight
of a sensor, comparvable to acquisiticn zime, would defeat the usage of the
obscurant. Further the several obscurants used are initially buoyant
plumes; i.e., they release significaat thermal energy, and therefore a
fraction of their temporal behavior is dominated by heat exchange and not

momentum exchange.

For the above reasons, the approach taken was to esrablish che mean

concentrations on the basis of experimental dacta using Pasquill secabilicy

R

“"Exploring the Atmosphere’s First Mile," (H. H. letrau and D. Davidsen,
eds.), Vol. I, Pergamon Press 1937. (Proceedinags of the Great Plains
Turbulence Field Prograa.)
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parameters and establish the variations therefrom, again from experimental

observations.

In the main text we will provide the background material to justify

the various ruleg adopted for the proposed models and the models proper.

Although we have discusgsed the obsecuring aerosol, the remarks are
equally applicable to explosive dust; that is, we have developed a sexi-
empirical model to describe the cratering phencmena and subsequent dis-
persion of the dust cloud. Once this cleoud is "itabilized," its dispersion
is handled like that of any aerosol cloud.

The roport is divided into three parts: Pazt | - Smokes and Obscuring
< :rg80l Model; Part 2 - Explosive Dust Obscuring Model; and Part 3 -
Vehicular Dust Obscuring Model. Collectively, the three medels constitute

a "dirty"” battlefield atmospheric model.

This writer recognizes that improvements can be made {n these models;

however, addit{ornal experiments and analyses are required to establish the
baces Zor the ilmprovements.
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PART 1
SMOKES AND OBSCURING AEROSGL MODEL




1 MODEL DEVELQPMENT SYNOPSIS

1.1 INTRODUCTION

I[n Ref. 1 we presented a semi-empirical model that can predicrt the
spatial-temporal characteristics of the aerosol cloud produced by smoke
and other obscuring aerosol sources (artillery shells, mortars, sumoke pots,
and aerosol generators). These characteristics are: (1) mean concentra-
tion, (2) path length, and (3) radiation transfer. In addicion, Ref. 1
provided several validations of the proposed model where the detonated

municions were either bulk waite phosphorus (WP) or phosphorus supmunicions
(WP wicks).

Ref. 1 addressed the following topics: source size data; fluctua=-
tions effects; and the mo.el struccure for quasi-exothermic and non-

exothermic obscurant sources. However, topics not discussed therein:

(a) A treatment of the still air case (mean wind speed, u=0)

(b) Field cest data

(¢) Extinction coefficient data

are treated in this report; we extend here the model presentad in Ref. 1.

In the remainder of this section we summarize the discussion; and in Sec. 2

-

(2.2 ro 1.3) the reader will find a complete discussion and several addition-
al validations.

—
-

MODEL EXTENSION AND MODIFICATIONM

1.2.1 Concentration Fluctuacions

The experimental concentration data exhibit small and large scale
f{luccuations about a mean value. Ia Ref. ] we indicated that horizontal
wind-speed wvariacions can account for rhe overall concentration fluctua-

ions; however, the avallable sampling daca could, at best, provide an

estimare of the standard deviation.

o - -

lZirkind. R., an Obsecuring Aerosol Dispersion Yodel, GRC Report 231, Vols.
1 aed 1I, December 1978.
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Since the atmospheric stability descriptor used in our model is
the Pasquill Category (Ref. 1), we have selected fluctuation data that

have bLeen correlated with Pasquill Category; see values given below.

Pasquill Category A B C D % F G
J(u) 1.13 1.2 1.6 1.33 1.08 0.89 0.51
' I
U pms’ U 0.2 0.18 0.20 0.2 0.18 0.17 0.1l4
where u’RMS is the root mean square of the horizomtal wind-speed fluctua-

tion u', and J(u) is the standard deviation of u. For use in the model,
the u'RMS value should be used to odbtain an estimate of the small-scale
fluctuations.

The larger scale fluctuations of interest here occur with a period
on the ordev of 40 to 60 sec; however, data available from field tests
have not been analyzed. These fluctuations are responsible for the
phenomenon known as intermittency (when the concentration approaches a
near-zero value for a period of about 40 to 60 sec). The available data
indicate that the effect occurs at random times and, therefore, a statis-

tical model is required if the impact on sensors is to be treated accurately.

1.2.2 Aerosol Dispersion

The basic algorithms to find the cloud growth for a > 0 have remained
unchanged; however, the rise of the buoyant cloud has been clarified and
updated. For example, when the atmospheric stability is unstable or neutral
then the final rise, Aumax is

1/ 2/3

w=1.6r2 355023 1 G

5/8

where X, = L4F for F < 55 n’/sec’

4
x, = WF¢ for F > 55 n'/sec’

in which X, = transition distance and F = 3.6 107’ (heat release/sec)

10
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Similacly, the values of y and 2z, the lataral and vertical coordinates
respectively, have been given as continuous functions {or uastable to stable

atmospheric conditions; see Appendix C.

Lastly, we suggest the following rules ba used for still alr, G 0:

(1) For an ifastantaneous sour-2 the maximum rise is

A 0.23
H o, = 1890 (m)

(2) For a maintained source

)3 o1/
H o= 5700373378

Where s = g[(AT/22) + 7] + T

The derfinicioas of rthe above are as follows:
g = gravitation acceleration (m/sec)

= adiabatic lapse rate

LT/iZ

[

actual lapse rate

T = ambleat absolute temperature (°K)

The shape of the aerosol cloud is assumed to be 4 right circular cone with

a vertex angle of 32°.

In Ref. 1 we omitted the effect of a ground or elevated inversion
layer on the growth of the aerosol cloud. In Sec. I the rules are provided
for various atmcspheric stability conditions and &re incorporated iato the

model struccure, Sec. 3.

1.2.3 Model I[ssues
We will now discuss sevaral topics that require furzrer clarification

and probably additional research and development.
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Source Silze

The experimental data defining che fnitial cloud size generated by
munitions filliad with bulk phosphorus are limited. These data would in-
icate that the Lafitial cloud dimensions are large; e.g., the L7 value of
tae radius and heizht for an artillervy-delivered L55-mm shell are ~3 a2 and
3 @, respectively; and within several seconds the downwind dimension, x,
can Se an order of magnitude greates than the calculated value, where
¥ = wind-speed <« time. The {mportance of this ;arameter* 1s twotold:
(1) it 2tves us the distribution of the source material for buovaacy cal-
cuylations; and (2) it is the zathematical representation of the source,
i.e., whather the source is a quasi-point or a distributed cype. 1{ the
bBulx matarial is spread over a large area then the buoyancy will be less
than Lf, as assumed in the model, the material is released within a small
area. With respect to the dispersion modeling, {f we assume a distributed
source, then cthe cloud development would be similar ro the trearment used
for sybmunitions like the whire shosphorus wicks. Since the model repro-
duces the observed cloud geometry juite accurately from statically fired
zynicions, we assertz that the dulz material {3 concentrated ia the vicinicy
of the detonaLion. Alse, the observed cloud at early times (S several
seconds) is a visible phenomenon generated by smalli qQuantizies of che zotal
Fill weighet zad the coupling of zthe high-explosive bdurscer with the WP.

This topic is Jdizcussed {a greater detail in 3cc. 2.

This {3sue and the buprn time require addicional experimentacion zad

researah to provide 3 zore solid bBase to zhis and ather models.

For the white phosphorus submunizions, the situatios (s similar,
ularly the ground dispersion patiern uf the wicks or wedgex for live
firiays. Althouga the proposed dispersionm patteyn ai=zglation, thres liasar

aTrava ia aur =odel, vields good ayreement with cxperismeats, we stgongly

”“

ezommend oxtensive further experi=entacion to obtata sgaristical data of

The ground dispersion paltern and additional bura fize 3aad rate fata.

far the 320ea Uhgeuratioan Madel zhis parasmgtar (s i{mparraal #ince thg
disrriburian for the saurae s asau=ed 20 B¢ Causyian aad i3 an
iaieiagl cundizign 2oz the Jdiffusian egquation.
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Cificiency

————— il
The lirerature speciiies zhe fill welght of the active basig
chemicals; however, the percentage of conversion to smoke factor, effi-

clency L3 not avallable except in a qualitative sense. For example, we

Tt

fiad such statements as "any material 2ntering a pool of water is a0z con-

verted to smoke' or "fragments will be buried in sofc dirt”. Evidencly,

thtls should He quancified bv experimentation. In the inarim we have

assymed that the afficiency for hard dirtc is 100%; however, i{n soft dirc

" 1

or "auck”

the values are 854 and 30% raspectivelv.

Zxtinction Coeffisient

The spectrai extinction coefficient {s a critical parameter to estab-
L1ish the optical properties of the obscuring ¢loud; however, the values ZIor
the different obscuranzs ave not firmly escablished. For example, the
valuas are dependent on the particle size dilscribuctions. Fleld daca {ndicace
that the size disriihucion varles during the lifecime of¢ the obscuring =loud,
and that che Jdistribution descriptors, mass aean diameter (MMD) and geomerri:

standard Jdaviazion (7 j,differ from che values used in lLaboratory experiments

- Jy

to obta.n zhe spectral extinczion coeflicients. Iz shouid be nozad that

thes: and related topics are discussed in Sec. 2.

Hance an in-depth ana.ysis of zhe fleld zest daca is Ascessary o

esrablish zhe spectral excincgioa 2o

&

Iffcient; that {3, zorreldee the
laboratory data, independent conceatrdation and pavtlcle aize 4ala, and

2

gransmissomerer data.

Lastly, we strongly recosmead that am aaalvtical and mezsuresent
oroyram be conducted fo es3Cadlish the jatersmigiency propelfioa 27 =milinacy
i spoke 2louds. lhe infermitiency L3 {mportang %o reliably eatablish sldcero~
| 1

apticsl sensar zerfasrmince, ¢3peclially laser syut<ns. ~
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BASIC CONCEPTS

to

.1 GENERAL

The bagic objective of the obscurant model is zo deteramine, Co some
degree of accuracy, sensor performance whew an obscurant cioud exists in
the field of view of the sensor. Tnig may imply the temporal history of

the path transmission, c¢loud radiance (self or reflacted), or other param-
*

aters that affect seasor performance. To calculate these parameters Zor
diffarent obscurant sources several factors are required, and these are as
forlows:

1. Source charactsristics

2. Descripcion of the aeroscls produced by the source

3. Spatial~temporal hiscory of obscurant aerosol

concentration
4. Environmental inceraccion with che aaroseol cloud

production and development

With the exception of the firse, the remaining factors are characcerized
by che turbulent diffusion of source material {n ene environment. In the

next several gections we prezent a discussion or each Iacror.

4

. SQURCE CHARACTERISTICS

The acmenglatLre, T[l. weight, Lurst radius, and other technical
data for inventory munltions are zaiven i{a US Army publiicazions (FMO=117,
18, ete.). Several oY chede daca sheets are given {a Appendix A. Regent
developmental items include subsunicions sych as white phospharus wedges

ang wicks.

Hefice we 8ow have a spectria of sourdes varyiag from ncar iascaata-
Qous 0LAL types Lo limear, ontimsucus arvdys. lhe importance of this
lies {n the variery of matMesatical descriprions needed to iescribe the

dispersicn Ristary. Thisd is coeside. 4 in deg. 1.3,

The radiifioe tramzder aethadalog..s 1 witted hars; the rmader i3
refarred to Red. L

Ut e e Gt o e g T T eaptete e . Ml 1 e e e O
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.2.1 Source Size

The character os the smoke obscurant 1s of i{nterest to the cloud dis-
persion, Wwe consider smoke pots and fog oll generators as point emiteters.
Until further data are available, we consider that municlons filled with
wedges, wicks, or plasticized phosphorus produce ground patterms that can
be simulaced as linear arrays. This gap 1n our kaowladge needs to he

illed by further explicit tests.

In our model, we assume that artillery shells and amorvtars delivering
the bulk white phosphorus are juasi-point sources,; the source i3 in-
variaat with the shell and mortar size. Since this material i{s a major
smoke cloud generator, we will comsider it here in greatec datail than in

Ref. 1 and include the initial cloud development.

Jolce and Met13 have attampted to charactarize the zmoke cloud Zorma-
tion and development for static firings and artillery-deliverad bulk whice
phosphorus., We will first examine the source size data. Figure 1 presents
the Dolce and Mectz data along with older data, the half-width of the sourse
radius, vs and the source height, gt {r should be noted that these
values refer o the cioud dimensions and not che ground mass disctridution.

Severa: additional values are added from the Fall 1977 Dugway tescs.

The artiilery curve l» higher zhan the morzar curve. We will now

dttempt to explain this and other data.

In Fig. I we have plotted the infcial and subsequent ¢loud rise fog
3 80-2m mortar and 3 153-mmn arcillery ahell. We observe rthat the pliume
centroid has a differvent time history than the imicial cloud rise zad sub-
sequent soured” neight. Iz Bed. 1 the authors ideatify 3 "weapon phase”
tize (tu). This tize corgeaponds to the time iatesval frum initiac detons-

e
tion of the Righ explosive to the time the cloud becomes white, i.e., loses

d 9. %, Merz, Az Aaslosiz 3f the Smuke Cloud D3%3 fram

48 Afalisls oL thg Smuke Loowd Jaty fiim
gsan Proving round Smoke test, AMSad sechaizal Report
7.
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its orange glow. The mean values of the weapon phase time for several
munitions are glven below, along with the weights c¢f high explosives used

to disperse the white phosphorus. An examination of the times clearly

Municion HE (1b) WP (1b) ty (sue)
60 mm 0.025 0.75 0.44
81 mm 0.08 4.0 (1.75) 0.56

4.2 in 0.73 .0.75 0.87
105 mm 0.51 3.83 ~0.6
155 mm 0.83 15.6 1.1

indicates that they correlate with the mass of HE; that is, the mean cloud
temperatures would be at mean ambient for times equivalent to e, (see

Part 2). Further, the power released by the HE is approximately .00 times
greater than that from the oxidation of the white phosphorus within the
initial 25 mgec. At later times (~ 1 sec intervals), the WP material, with
the exception of the rare large piece, will be oxidized and converted to

phosphoric acid.

Hence, the initial rapid rise for t < 5 sec is primarily due to the
HE detonation and some entrained phosphorus particles; however, the effect
on the vertical cloud rise behavior at later times is negligible. This may
b

0

justified on energetic considerations: the reat release/unit weight is
approximately the same for HE and WP, whereas the ratio WP/HE varies from
8:1 to 30:1: therefore, the total impact on overall buoyancy is small.
However, the turbulent flow generated by the HE fireball may be responsible
for the early history of a WP smoke cloud.

The efiect of the large difference between the quantity of WP and HE
in the two weapons is now c¢lear. For 60-mm, the small quantity of HE, the }
effect {5 small and the centroid is not different than the "source";
however, for the 155-mm the explosive effect and certainly the quantity of

WP is larger. The latter is responsible for the significant centroid rise. i ;

¢
18 é
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In Ref. 3, the initial dispersion of cloud in the downwind direc-
tion (x-axis) 1s not addressed except that GXS = JYS for wind speeds
<4 mps (see Fig. 1). The latter statement 1s inconsequential since
the data indicate that the cloud length at the end of the weapon phase may
be in excess of 100 m; see Fig. 3. Beyond this time the axial growth is
characteristic of mean wind-speed magnitude; {.e., x = u X t. These
results are not dissimilar for static and dynamic detonations; e.g., a
gstatic firing of a 105-mm had a ground dispersion of ~61 m. If a signifi-
icant amount of bulk phosphorus is dispersed, these data are difficult to

understand.

A gsimple explanation is possible of the overall dispersion observa-
tions discussed in Ref. 3 and similar tests; that is, a small quantity of
material can generate a cloud "apparent" to the observer or camera. Act-
ually, this cloud has a low concentration but with sufficient glare to be

interpreted as a significant cloud.

If the phosphorus is dispersed over a large area, then the engulfed
air volume woulu quickly reduce the buoyancy since the volume increase &
surface area = (dispersion widch)z. Hence there should be a marked effect
on plume rise; however, the plume rise data agree with experimental and
analytical models of quasi-point buoyant plumes to be described later and

therefore the quantity of dispersed material is assumed to be small.

In view of the limited data in Ref. 1, e.g., extremely unstable con-
ditions for the static firings and other similar uncertainties in other
test results on cloud geometry and dispersion, we cannot resolve the above

*

problem. A definitive experiment is required.

2.2,2 Burn Time
Salomon and Peterson4 reported their findings on burn rate and time

for several types of smoke m-mnitions. The burnm rates for HC and WP (wick/

*

It should be noted that the validations performed here show axcellent agree-
ment with single and multiple rounds that explicit, valid data are required
prior to making major model modification,

4Salomon,L. L., and E. Peterson, Testing of Smoke Munitions an¢ Submunitions,

Paper H, Proceedings of che Smoke Symposium II, April 1978, DRCPM~-SMK-T-003-
787, June 1978,
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wedga) are shewn In Figs., 4 and 5. We observe thac the ratas are rzla-
rively uniform Ior HC and WP {(wick) but nonuniform for the R? wedge, Fig.
5. Since the sample {s small, a single characteristic may be appropriate

Zor phosphorus. We assume iine.r burning for WP and the rate for HC as

Ziven in Tig. 3.

The burn times for the various submunitions as reported by Salomon
/,

“+ -~ "y . .
and Peterson are given in Table 1. [¢ should be ncoted that i, the R?

munitions are wedges or wicks aand (2) the second 135ML should read 153M2.

TABLE 1
SUBMUNITION BURN TIME
Munfcion Type Time (min}
L135M1 HC 2.3
13542 HC 1.3
105 om HC 2.0
6" Wick W 6.3
3" wWick WP 7.8
2.75" Wigk WP 3.3
81 am (Navy) 3P 3.1
81 mm (German) RP 3.6
155 =m (Navy) RP 6.3

The burn time for sevecal foreign rounds are given {n Table 2

-

TABLE 2
BURN TIME FOR FOREIGN R0QUNDS

Iype Time (min)
82 am Mortar 0.313
120 mm Murtar 4.75

122 mm Artiliery +9.0

130 mm Artillery

L4
(1)
<o

3 ST b, st

)
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FRACTION OF MASS LOSS

0 0.5
FRACTION OF BURN TIME

Figure 6, Submunictior Burn Rate, Navy 1355 mm Wedge (RP)4

4Salomon and Peterson, op. cit.
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First, 1f the burn times in Table 2 are for bulk white phosphorus
(WP) and not plasticized white phosphorus (PWP) then they are not in
agreement with the foreign literature. Second, the weight of WP is re-
latively low to burn for such long periocds; that is, on the basis of
firing replacement rates the estimate burn times are extremeiv long. The
results for the 82-mm mortar are longer than for the US 8l-mm mortar where

80% is oxidized in £2 sec and the balance in £10 sec.J

Lastly, the experimental data c¢n concentration histories do not

agree with Salomon and Peterson's data.

In the Dugway tests held in the fall of 1977, where inventory smoke
munitions were tested, the 4.2" WP mortar like the 81 mm is primarily
nxidized rapidly (£2 sec). To support this we note that the concentration
is =-0.8 g/m3 at 1 sec, 55 m from the origin; within 10 sec the entire

quantity is oxidized.

The impact of the explogive-generated thermal environment on the

kinetics of bulk phosphorus does not appear in the literature.

With respect to HC canisters the following burn time data were

provided by the Program Manager (PM)/smoke-obscurants:

Munition Burn Time
155 mm M1 120-240 sec
155 mm M2 60-240 sec
105 mm M1 180 sec

It should be noted that the M2 has ~ 30% the fill weight of che Ml. The
above do not differ from the egrlier results, but the obscuration of smoke
pot emission is simple compared to that of an explosive munitions like a

mortar or artillery round.

sPrivate communication, CSL Edgewood Arsenal, 1 December 1978.
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The estimates made by Salomon and Peterson are qualified by them

and relate to mass loss. In the next paragraph we discuss the burn time.

The {111 waight specified in a standard munitions manual gives the

basic weight of basic chemicals that can generate an obscuring aerosol

cloud. Ffor munitions delivered by artillerv, mortars, or rockets, the fuze

altitude (or type) is imporrant since for a near or on-ground burst the

ground hatrdness plays a role in conversion efficiency.

If the ground is

gafr or adjacent to water then part of the fill material may be embedded

in the subsurface miterial and not available to the aerosol production

process. Also an efficlency factor appears to exist for smoke pots; that

is, the entire macerial is not converted into an obscuriang aercsol cloud.

Soviet pots appear to have efficisncies as low as 407%, a low value.

Observations “»y U$ scurces are unknown to this writer; however, highly

efficienc smoke pocts zhould not be difficult to produce.

Thus we aasume that for ohosphorus munitionsg the fill efficiency

is = ! for hard pack dirt, 83% for loose dirt, e.g., plowed field, and

€30% for "muck." For smoke pots, it 1s again assumed that if the pot

ignites with the outlets exposed to the atmosphere cthen the eificiency

=1; actually, che value, on the average, is less.

Furcher, the per-

centage of upright ceulsters {s <100%; the exact number i3 not available.

2.2.3 Yield

The yield factor is defined as the final mass to the initial mass

available for swoke generation. Johnson and Forney6 published yield

results for various smoke materiazlu. These are summarized in algebraic

form, where RH = relative humidity:

Y(WP) = 3.8 + 0.003 (Rt - 10)+%7

Y{Zalla) = 1 + 0.051 (RHZ - 5>a‘85
\:cazc%/u,soé) # 2.8 « 0.016 (RHY - 20)

Y(Fog Oil} = 1

1.25

6 . <o . . it
Johanson, M. €. and P. D. Formey, The Effectiverass of Qhgcuring Smokes,

ORG Edgewocod Arsenal, 1972 (unpublished).
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Raecently Rubel7 published theoretical yilald resulcs for white
phosphorus which agree with the Johnson and Forney thaoretical results.
On the other nand, field measurements of concentrations would indicate
that lower va.ues glve better agreemant: Y(WP) = 2.9 + 0,003 (RHL

A L.87 . - .
30)7°7 . Ar «0% relative humidicy the difference is — 1.74, a major

difference that could not be accounted for in observed and calculated

values of aercsal comcentration unless several factors compensate for
the diffeceuce.

For completeness, we cite two recent studies that consider the physico-
P 3,9 :
chemical problem of phosphorus/phosphoric acid™’~, where the former con-

siders particle size and kinetic times.

With respect to kinetic times, the various stages are modeled witi
the axception of the oxidacion {(combustion prouess), which (s responsible
for the heat release and subsequent conversion to phosphoric acid. Clearly,
the large variations in burning times should have an sffect upon the over-
all parcticie size Jiscribution, etc. Frrrther, the environment created by
the high-expiosive bursters saould alcer the imirial amount of oxygen and
moiscure available for chemical reactions and the state variable of

préasure and temperatursz.
2.3 DATA PROBLEMS

2.3.1 Bxtineccion Coefficlenis

One of the agoniziang problems for the modaler (and asalyse) {3 the

magnitude of she 3pectral <xtimecion coefficients {(abscrption aad 3catgeriag)

'Rubel, 3. 0., Pradictine zha Dranlet_Size aed Yield Factors of 2 Phosahorus
Smoke as a Functiom af Dropler C. osiriom and Anbient Relative Humidity
undas lactical Comdivions., ABRCSL-TR-T8G37, Chemica. Systems Laboratory,
APG, November 1974.

3 . . LA . .
Rubel, C. 0., An Ac¢gozal Rimernizs Model fapy the Condenzationsg! GCrawih 3f 3

Phasphorus agoke, Pyoe. of Saoke Symposium LI, 1979,

9, - g a

Friakel, R. #., 4. Q. Rubel, and Z. W, :~uebln,. Relative Huajdicy Denqpdeane
of the fnfrared Exriaction by Aerase!l Ulouds of Phasphoriz As.d. Proc. of
Szake Sympogius IIf. 1979.
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for cthe different obscuring aerosols. For example MilhamLO glves the
extinction coefficient at 1.96 um for RC/RP as 1.5 mz/g, whereas derived
values from the fileld data are 0.98 (4C) ind 0.59 (WP); see Table 3.

The diffarences between laboractory and field trial data are difficuit to

rationalize for sevaral reasons:

T, The concentration history at the transmissometer is dif-
ferent than the values at the campler, therefore, cor-

relation is not probable.

2. The particle size distribution in che field changes with
rime, and, therafore, the distributions characreriscic of

the extinction coefficient ars unknown.

J. drnadband devices are utilized; e.g., the 9.73-um trans-
nissometer actually covers from ~9% to 1l um; see Table
J. Now the integrared extinction coefficient ia a
function of che detectoc spectral response and che speccral
extiaccion coefficient so that the "effective” extiaction
coefficlient depends on the C + L valua. Hence, the sug-

ot

gested field values Zfor "x" is not obvious.

Conversely the abilizy to valldate the transmisgometer measurements from
a predicted C » L vs. time curve will be difficult due to the repeated

deviations ia the experimentally determined extincrion coefficlents.

We will now examine the laboratoery and fiald data, and the {mpact
of particle size on the accuracy of spectral extinction coefficients

vhen a transaissometer is used.

ubel (Ref. 7) reports that at 38I relacive humidity he found for
the phosphorus particles that the majgs zedian diameter = l.J< .m and

geometvric standard deviarien, 7 @ l.3s, vhere the particle aize i3
g

Qg - : , e _— ,
“Milham, M., A Cataloa of Optical Ewtinccion Data for Various aezosals/
Seakes, Edgevoed Arsenal Raport ED-32-77000, Jume 1976.
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defined by a log-normal discribution. An analysis of several Dugway trials
was performed here for particle size chavacteristics where the relacive
humidicy varied between 32% and 365. The results 72 givean in Table 4 for

-

the average values. C(learly the spread is greater than can be attributed

TABLE 4

BULK PHOSPHORUS SMOKE PARTICLE SIZE
DISTRIBUTION PARAMETERS

Test Munitcion 2D (m) 33 RE (%)
DPI-Q02-T34 155 om 3.39 2..3 35.0
DPI-C02--T16 4.2 L.13 1.76 34,2
DPI-905-116 130 -~ 3.38 2.0 32.6
2P21-002-T24% 135 am J.85 2.08 36.2
OPI-C05-T12 122 mm 1.795 1.85 3L.8

to sratiscical variazion. Further, cthe observed field daca show Ctime
dependence on size distribution where gsettling or cvagulacion procasses

are {nsignificant if nct nonexistanc; see Fig. 7.

Hence, if the aerosol diastribucions for WP are cime dependent and
muaition related, then the use of transmissometers to establish comcentra-
tion Ristories 13 sublaecr to further validation. we now discuss this
imporeant topilc.

The determination of the aerocszol concentration in ap obscurant sloud
has been made by aerosol (photumerric) sampiers and frinsmisisosateors. Thers
i3 an exeensive lineralure on sagpling techniques and their lisizations aad,
therefore, sanplers are not discuiazed here axeapt Lo aote chat the syaten
aoise =pecirun for the devices used {n the field by tear personnel would

be extremely valuable., The reason i{s the Jdesirabilicy of separatiag the
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contribution of atmospheric fluctuations in the temporal variation of the
¢ ¢ L curve from gystem ncise, where ¢ = concentration (g/mz) and L = path ! f
length in ¢loud (mj, This separation is required, as the data clearly

indicate noise fluctuastious. The use of transmission measurements in

order to derive particle concentration requires some discussion.

First, there is ¢ question about the current value of the spectral
extinction coefficient. The parameter C *+ L (g/mz) is found from the

relation

e B A e

C+L=2n T."aA {1

where Ay = spectral mass extinction coefficent

T = fractional trangmission through the cloud

The standard procedure is to utilize laboratory measurements. These may
not simulatz free space conditions as discussed earlier. We will now
attempt to show that this may not be serious at some wavelengths. For this

we will follow the treatment of Chylek.11

A relation between the volume extinction coefficient, k, and :the

mass concentration, M, can be written as

3
Y} r” ¢ n(r) dr -
¥ 3 er (w, r, A)a(r) dr ke )
ext " '
where p = bulk density ‘

r = particle radius

n(r)

f

numpber of concentrations per unit racius change

Qext = extinction efficiency factor ; \

P

llChyl-ek, P., et al., "Infrared Extinction and the Mass Concentration of ot

Atmospheric Asrosols," Atmospheric Fnvironment, 13, 197%, pp. 169-173,
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Since o and m (the refractive index) are not significantly different in time
and position, the relation (Eg. 2) strongly depends on n(r). On the other
hand, if the bracketed expiession is equal to a constant, h, for a specified

n(r) then it follows that
¥ = k(M)4p/3h (3)
A sufficient condition for this situation is

(r, &) = hr {4)

Q

ext

or, the extinction efficiency factor is proportional to particle size.

Let x = 27r/A be the size parameter; then

Q =h 3z x=2¢ X (3

and, therefore,

204

M= k() 52

(6)

where ¢ is the slope of Qe vs. x. Clearly if ¢ is a constant or slowly

xt
varying for a given range of particle sizes, then the mass concentration
: =1 . ,
is a constant if k(A) « X ©., The latter occurs for moderate-size particles,

£1.0 ym. In Ref. 11, Mie calculations for a realistic particle show that
Q vs. r (um) is linear at A = 0.55 um for particle radii £ 0.5 um and for
r <5 umat A = 11 pm.

The range of applicability is defined by the ratio

) &) <0
{ R(r_, ) =3 ern(r) dr/é r3n(r) dr (7
4 0 0

1]

\
ST, s M o
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where r, is the geometric mean radius and U is the geometric standard
deviation; that is, if R = constant for a range of L then k(A) and mass
concentration are independent of size distribution. (Note for a fixed A,

R =3 ¢/2 = constant.)

For particlie distributions of interest (smoke, aerosols) where z,
is of the order of 0.2 um, then at A = 11 pm, R = constant; however, for
A = 0.55 um, the variation in R is ~ 100, hence, mass concentration at
A = 11 um is known to high accuracy whereas, in the visible and near in-
frared (A £ 2 um) the error may be as large as a factor ~100. It should
be noted that for particle radii £ 3 um, the error at A = 4 um is similar

to A = 11 um, chat is, relatively small.

In view of the above, the use of transmission measurements to establish
mass concentration must be exercised with caution if accurate values are to
be derived; that is, the size distribution must be known and the appropriate

wavelength used for the transmissometer.

With the above background and data, let us examine the differences
that may exist between the fleld test derived extinction coefficients and

the laboratory values.

In Table 4 we indicate estimates of the MMD and Og for several events
where bulk WP was used. The variation in MMD was from 1.14 to 3.39 and
correspondingly 1.7 tec 2.13 for the value of og. Milham et al.ll examined
the variation in the spectral extinction coefficient for O-phosphoric acid
for two values of MMD and Og’ and theilr results are shown in Fig. 8 along
with the value for WP smoke (357 relative humidity) ia the 7-14 um band.
For the 3-~5 um band they conclude that WP smoke is no different than 0-
phosphoric acid and, therefore, we can conclude that size distribution

properties can have a significant effect on the integrated or spectral

leilham, M. E., et al,, New Findings on the Nature of WP/RP Smokes,

CSL, ARMCOM Report ARCSL~TR-77067, July 1977.
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extinction coefiicient. The fleld value at 3.4 .m is given as Q.22 2
0.04 (\3) (mZ/g), which does act agree with Fig. 8 in absolute value orv
variance. At 9.75 um che field trial result is~0.32 /g, or 0.27 a>/z.
which again Is lower than the laboratory values. The effect of size
distribution on O-phosphoric acid, which should be a good approximation
to WP i{n the 9-11 .m band, shows a marked difference in the 9-11 .m

spectral region.

There is a real need to reduce the fileld data on a systematic basis;

that 1s, to calculare the effective extinction coefficient as a function of

time using the time variation in particle size distribution propertiess

and C * L and then compare the results with laboratory observations.

2.3.2 Field Data

There are many prob.:ms related to the published data and are best
illustrated by the differences between Trials 9 and 10 of the Dugway
cests13 called Inventory Smoke Munition Test (Phase Ila). These are tests

¢f the 4.2" WP mortar.

In Trial DP1-002-T-9 a single 4.2" mortar was detonated at 7é m

*
from the aerosol sampling line under the following conditions:
G (m/sec) = 3.3
Azimuth wind angle, - = 21.8°

Pasquill Category = C

The published cloud dimensions as a function of ctime are given as

follows

13Us Army D.P.G., Inventory Smoke Munition lest (Phase [la}, Final Test

Report, Report DPG-TP-77-315, June 1978.

*

One should note rhat locations of the detonatiorn iiaes ¥from the
saupler line ars uncertalin far some tests in spite of the fact that
the test arvay is a fixed zeamatry.

a1 0
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t (sec) Length (m} Wideh () Height (@)

Measured Calculated Measured Calculated
0 3 9 - 3 -
L 17 28 - 30 -
2 23 i3 27 58 43
30 27 43 37 87 80

40 Plume aleft

s
The fact chat the samplers reglstered an inirial value of C « L = 0.8 z/m”
at = 50 sec does not agree with the length or the "plume was aloft" after
40 sec. Similarly, the dosage curve indicates a widch of 100 m. The neight

vaiues agree reasonably with the calculated values.

If the reported azimuthal variation 1s superimposed on the expected
value of the cloud widcth at che sampling line, i.e., at 76 a, then the
"sampler widch” would indeed be 100 a. We observe a cloud that Ls meander-
ing rather sctrongly in the azimuth direction, and, therciore, some delay

to reach the sampling line.

in Fig. @ we present the C « L history. The calculated values prior
te 30 sec ara greatzr since the estimated mean arrival time = 76/3.3 = 20
sec. The possible explanacion i3 that the cloud did rise and then fall
afrer %0 sec; hewever, rhe plume would have zo have been significantiy
:onger than the reporred observations. On the other hand, Trial 10 is

relatively well behaved and ayrees with calculations.

The non-zero values prior zo 50 se¢c and beyond =~ 130 sec are to

be censideced a3 either noise or other contaminacion such as dusec.

Finally, it should be noted that the ¢ ¢ [ resulcs derived from
the transmiszsdometer measurements are not meaningful, particularly ia

Light 9f agraement Jefween sampler observations and sodel e3timates showm
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2.4  AEROSOL DIFFUSION

The diffusion of the aerosol cloud is of primary concern here since
it determines the spatial-temporal history of the airborne material. Ex-
tensive study of this subject, theoretical and experimental, has been in

14,15 . ,
? Qur basic interest here is to

progress for the past fifty years,
adequately describe the obscurant aerosol generated by a smoke munition,
high explosive, or smoke generator. With the exception of fog oil, the
other sources release large quantities of thermal energy which dominate
the early history of the diffusion process; that is, we are interestead

in both buoyant plumes (clouds) and turbulent (momentum exchange) diffused

clouds.

The general behavior of the :louds depends upon the atmospheric
environment (temperature gradient, wind velocities and gradient, surface
roughness, etc.), or the stability of the atmosphere. Characterization
of the atmospheric stabilicy has been studied by many investigators and
for use here we adopt the Pasquill stability definitions. The reason
is that it depends primarily upon insolation and mean wind speed at 10 m.
However, it -uffers from a deficiency, i.e., absence of surface roughness.
We will first give the general definitions and then correct for surface

roughness.

The three basic stability classes are (1) unstable - Pasquill Cate-
gories A, B, and C; (2) neutral - Pasquill Category D; and (3) stable -
Pasquill Categories E, F, and G, where G is the extremely stable situation.
A simple summary i{s given in Table 5, and a more precise method to deter-

mine the class is given in Appendix B,

4,
I*Morcon, B. D., et al., "Turbulent Gravitational Convection from Main- i
tained and Instantaneous Sources,” Proc. Roval Soc., Series A, 234, ;
June 1956, pp. 1-23. %

1JSut:ton. 0. G., Atmospheric Turbulence, Mathuen & Co., London, 1949, i
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TABLE 5
PASQUILL STABILITY CATEGORIES

Night
Surface wind Thinly overcast
speed at_$0 m Insolation or 24/8 low
(m_sec *) Srrong Moderace  Slight cloud £3/8 cloud
<2 A A-B ) - -~
2-3 A-B B C E F
3-5 B B-C c L E
5-6 C c-D D D D
) C D D D D

Classically the stability definitions are given by the environmental
lapse rate, unstable = lapse, neutral Z neutral, and stable = iaversion;
that is, if ?z is defined as the potential temperature and . the adlabatic

lapse rate (0.098°C/10 m), then

vl
Aoy
N

b2 Y2
(=]
1

i
[}
l
[}
I
¢

(8)

N
s
N
[y
[\

where 31/3z2 =T (10 m) - T (0.3 m). Hence, if 92 < 0 we have an unstable

condition. Similarly, 52 = 0, -0 we have a aneutral or inversion condition.

For convenience, we introduce nere a parameter needed later, the

stability parameter, s, whare

8 32

SI —

T 3z (%)
where g and T are gravity acceleration and ambient ground temparature (K),
respectively., The parametar can be interpretaed as the restoriang accelera-
tion per unit vertical displacement for adiabatic morion {n a stracified

atmosphere.

- [
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16
A somewhat more elaborate scheme of Pasquill categories {3 reproduced

in Table 6, where negative vilues are aquivalent to {nstabliity, etc.

In Fiz. 10, the seasona. varlations of the Pasquill categories for
the Netherlands are depicted, and one observes that Catagory .\ does aot
occur frequently.

To show the diurnal variatlon of the atmospheric stabilicy, we prasent
in Table 7 data from the Grear Plains, Nebraska, reported in Retf. 1. We
note that the frequency of Cat:agory A Is low and, in general, unstabie

conditions occur primarily during the day.

The stabilicy definition of Pasquill (see Appendix 3) depeads, as stated
earlier, on wind speed and insolation and (s independent of surface roughness
and ground cover height. This can be accomplished by introducing :the

Monin-Obuihov "=zixing"” length, L (m), defined as

3 3 -,
5.2* u* ERVUAS]
L - - - - (10)
2/ = = <
x(g,TG)(Q/upy) gITO . 3F 52
where u, ® fricction velocity (m/sec¢)

§ = acceleration af gravity (m/secl)
TO = standard tempsvatura
% = Karman constant
G aean wind apeed
T = s2an temperarzure
q = veriical vardulenc heatr current

¢ . = alr spseiifec heal capaciey, Jdeasity

s
peig
-
L2}
[
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A
1
i
—
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Shieh, Journal Anplisa Mac.., Marsh 197« p. 13y,
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TABLE 7
DIURNAL VARIATION QF ATMOSPHERIC STABILITY

GREAT PLAINS, NEBRASKA"

Py

Month Hour of Mean Local Time

&Day 00 02 04 06 (8 10 12 14 16 13 20 22
8 Aug | D H G
9 Aug G ¥ E { D C c C ) E ; F -
13 Aug - - ¥ E ; D B8 A D G ; H G
+4ug H G - - 1 !
18 Aug -~ - - - ; - - - - - by H
19 Aug 3 H G G A A A A 8 H : H B
2a - - 6 E G A a3 - - oo .
%A - - - - - - B ¢ b) N b
25 Aug E D D D . D o c D £ G -
31 Aug - - E D C A A 8 ¢ D . F E

! i
L Sept 13 F 1) B - - - - - - -
7 Sept - - H G B 3 3 ] C E g F
3 Sept 3 G G A A A - - - - -
*Source: Lettau and Davidson, Ref. 2.
v
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*i2) = constanc, we have teutral strafificatlion L = »; and i g < 7, >,
we have L - 0, <0, caspeciively. One can show zhat the rise,
smoke cloud is ~0; tharn is, the ratlo of the standard deviations oI

luctualions Ty and - respeciively, i

£

verzical and horizoncii wird speed I
~3(z/1.), Hence, this gquanctity has significance; however, the raader 13
‘-
- -~ At - \
referred o Csanady far a compiate discussion.

3 . . . . . o .
Golder establi:hed a raiation between the Monin-Obukov length, L.

and Pasquili stabilicy:

s

vy ‘s (1o ", 1:‘ f(s) '
L. = idin (L2 + 0/z20) 0178 {e
0
aad
E(s) = =3 .l +b]s|™)
where 3 = stabiliry ciegs defined in Tavie 5

b

= 4, b = 1.3, ¢ = 0,33, d =0.21639

2y ® the surface roughness ln melers

31

p 4 : A=Jd vy .
The surface roughaess, 2 var.c3 Trom 10 A isand) to ~J.i0 m .=nall

0’
vegararion). Xung and Lettau have found 4n empirical relation belwesn

z, and plant height, h,
v o

oy 2y * {33« L0139 log h il

Several values ¥ 2y hc are gaven {a Table 4.

The @ffeer 5f ayrface raughhess 12 o {norease ar raduce i some

iasrances the stabiiley claas; =ee Fig. Ll

7, . .
2sanady, C. T.. Turdulens 9iféusion ia thg Baviraamea:, 3. Reidel 2ud,
Ca., 1973

Calder, D., "Relatioas Amesyg Scablility Parsz=gters ia the Surluce lLaver,
Soyadarw Lavas Meteorologe 3 (1972), 2. 7.

The vaiue of L i3 charazcteristic of the "dynamic"” layver; zhat is, Lf g =),

P
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TABLE 8
PROFILE PARAMETERS OF SOME CROPS AND BUILDUP AREAS

Cron z4 (m) hc ()
Snow covered 0.0049 0.03
Grassy surface 0.0173 0.10
Low grass 0.032 0.20
Hign grass 0.039 0.30
Wheat 0.04 1.3
Suburban area 0.4

Urban 6.0 24.0

4» | /
4
. [
1.9 ¢
3
.
(em)
= [}
H
¥ :
A
*
L i N L 13 r\ r
¥ .19 08 -.06 .l -.8 [
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Figure 11. 1/L as a Function of Pasquill Classes and zg. ..
H
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2.5 (CLOUD HISTORY

The clouds formed from various sources rise because of their buoyancy
and/or by momentum exchange. Since our initial work, numerous validations
have provided confidence in the basic formulations for thermal scurces
(e.g., WP) and nonthermal sources (fog o0il). Hence, we will discuss these

formulations and some modificaticns; we first consider the nonthermal.

2.5.1 Non-Exothermic Munitions

Althougnh the number of pure non-exothermic munitions, e.g., fog oil,
are few, an HC mixture with 24 or 7Zn0 is a quasi-exothermic material because
cf its long burning time and, therefore, the cloud rise behavior after the
short buoyancy phase is described as momentum exchange. Also, the lateral

diffusion appears to be unaffected by any thermal effects.

The cloud size parameters determined from experimental observations

are given in Table 9.

TABLE 9
CLOUR SIZE PARAMETERS FOR NON-EXOTHERMIC MUNITIONS

Stability Category

Pasquill Turner Width, v (m) Height, z (m) Remarks
A -3 9.1 + 0.419x 2.73 + 0.137x Sunny day
B -2 9.1 + 0.328x 2,73 + 0.11x Day, broken cloud
C -1 9.1 + 0.238x 2.73 + 0.073x Overcast day/night
D 0 9.1 + 0.20x 2,73 + 0.06x Neutral
E 9.1 + 0.18x 2.73 + 0.055x Evening/early am
F 2 9.1 + 0,146x 2.73 + 0.046x Evening/early am

The general shape of the cloud is a semi-cone, and the slope is given

by z/%. Soviet measurements for a smoke not (AT = 2°C), terrain roughness
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2, equal to 0.4 cm, gave the following cloud slopes in terms of the Monin-
Obukov length:

tan %4 = -0.85/L + 0.07 (unstable)
(13)
= 0.07 (neutral/stable)
When 2z = 0.4 cm and the Pasquill stability is A - B, the value of
- =1
L 1’S -0.07 (m *) and the cloud slope = 0.11., Since the z, from Table 8

0
may differ somewhat, the value of 0.11 is a good average value (0.09-0.17)

for Category B. This indicates a good correlation between the Pasquill

Turner and Monin-Obukov stability parameters.

One should reccgnize that the discrete values given in Table 10 for
the constants multiplying "x" are continuous for 0.5 < U < 5 m/sec; see
Appendix C. The low-speed values are omitted since the behavior at or

- 1
near u = O should be defined by a different model, i.e., for still air.*9

Let us examine the expressions in Table 10. Since x = G:, then for
t =0,y =9.1mand z = 2.73 m. This implies that the source is defined
oy a radius of =~4.5 and height 2.73 m values not inconsistent with
observations (Fig. 1). In Ref. 17, the standard deviations, Gy and T,

are represented by the linear expressions

(14)

b

where iy , are the gustiness intensities, in which iy is the ratio of the
RMS lateral speed fluctuations to mean time lateral speed; similarly

for iz. The experimental values for iy and iz are given in Table 10.

T
9Keil, R. W., A Description of Buoyant Plumes in a Still Atmosphere, Ph.D
Thesis, University of California, Davis Campus, 1974.
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TABLE 10

GUSTINESS INTENSITIES FOR DIFFERENT STABILITY CONDITIONS

i 4
Extremely Unstable 0.40-0.55 0.15-0.55
Moderately Unstable 0.25-0.40 0.10-0.15
Near Neutral 0.10-0.25 0.05-0.08
Moderately Stable 0.08-0.25 0.03-0.07
Extremely Stable 0.03-0.25 0.00-0.03

We note that the constants in Table 10 fall within the range given in
Table 9 and, therefore, since we use the mean speed to défine X, we
assert that the factors x and y and z of Table 9 are the mean values, and
the derived volume and concentration are the mean values of these

parameters.

Above in defining the Pasquill stability categories and other cou-
cepts, we have used mean values. Clearly, fluctuations of wind components
play an important role in any spatial-temporal history; e.g., the
horizontal fluctuations will affect the concentration and plume rise. The
ability to relate the fluctuations to the Pasquill categorv would provide
a potential means to find the bounds of the mean value. However, the
data are limited. We present some data in Table 11 from Ref. 2, where
d(u) 1is the standard deviation of u, the wind speed component in the
direction of the wind, w, and the vertical wind speed, u and u' are the

) 1/2

mean value and fluctuations of u, and (u’z u is called gustiness.

We note the following facts: %

1, The standard deviation 0(u) decreases in magnitude with

REBVPNS

increasing stability since u increases from stability

category A to H,

2, The ratio g(w)/o(u) = counstant.
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TABLE 11

WIND FLUCTUATION PARAMETERS
FROM FAST RESPONSE DATA

Stability Class A B C D E F G H
5(u)m/sec 1.13 1.20 1.61 1.33 1.08 0.89 0.51 0.30
z(w)/3(u) 0.38 0.40 0.37 0.36 0.41 0.41 0.45 0.32
73/
y vu~—/u@2z=1.5m 0.214 0.204 0,220 0.219 0.199 0.198 0.i163 0.155

Z
@2 =3.0m 0.198 0.184 0.200 0.198 0.179 0.174 0.136 0.106

1—/5/
vwu@z=1.5m 0.071 0.074 0.085 0.079 0.079 0.080 0.061 0.035
327 =73.0m 0.069 0.068 0.065 0.065 0.067 0.065 0.06 0.029
3. The horizontal gustiness decreases with altitude.

For our purposes we may utilize the gustiness value for "u component’ at

~3 m to establish limits.

From observations of the time history of the concentration at a point
we find that the concentration varies from near zero values to peak values
far in excess of the mean; see sketch. These observations are made per-

pendicular or approximately so to U. This effect of intermittency has

MEAN VALUZ

CONCENTRATION
(mass/vol)

4
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practical import since it is cthe period of time thare is a near-zero
concentration in direction of G and this may be as low as 354 of the time
even at che center of the cloud. Alzhough we can specify that length of
time "A' is about 20-40 sac, corrzsponding to the period of gustiness,

we cannot, at the present, precisely define this effect in Lhe lateral
(y) directiou. Thercfore, the actual concentiration as a function of

time along the line of sight is not defined beyond the mean value and
standard deviacion.* This i3 a serious practical shortcoming.

Csanady (Ref. 17) defines, on the basis of a theorerical development, the

ratio of MN'2/¥ as ngp (Ji) - 1, where Jl is the standard deviation of

the concentration, ¥. The parameter :l has the values of 0.2 (stable,

smooth terraln), 0.35 (neutral, smooth terrain), and 0.70 (rough). The

peak value of the concencration can be defined by the following expression:

N
£ = axp [2.(2.326 - 0.52)] (13)
3 1 L

QT
N, e
J = exp [:L(l.Jlé - O.S:l)]/ v exp (37) -1 (16)
Navs !

For an average conditionm, > which appears Lo agree

1 P TRMS”
wich reported dacta.

8efore we present the overall diffusion model we must Jiscuss The

buoyant 2lume.

2.3.1 The Buoyanr Plume

We consicer here the buoyant plume which i3 Jermed as a resule of

excthernic chemical reactions, L.e., oxidation, deligquesence. The s

" .
A series of experiments iz needed where 2amples and transmiziomelZers
2re placed at several angles with §. One of the parameters 3
Pasquill category.

heuld be




Y

axcess temperature reduces the density below ambient, resulting in a

rising buoyant volume.

venerally spealking, the sequence of events Ior WP munitions appears
to be as follows: (1) the creation of a hot volume due to the detonation
and inicial phosphorus oxidation; (2) an cbscuring cloud in the vertical
for still air or a bent cloud due to atmospheric winds, and (3) the tur-

bulent diffusion of the cloud downwind.

From limited thermal imagery the spread of bulk material in the
earth~planes does not appear to be extensive and probably depends on the
shell trajectory. Hence, we assume the source tc be limited and be ap-
proximated by a quasi-point source for artillery and mortars. When wicks
or wedges are used the source is normally a continuous linear source. We

now present the general behavior of buoyant plumes.

To estimate the effect of the initial vertical momentum which occurs

20
within a fraction of a second, we utilize a result from Briggs: the

vertical momentum is less ilmportant than buovancy at a distance Xy downwind;

X, = qu/g(AIg/TO) n

where W_ = initial vertical velocity (m/sec)
T = initial cemperature excess
Ty ° amblent cemperacure (X)
g = gravicacional acceleracion (n/secz)
Assume u = § m/sec, Gg = 20 m/sec, and AT = 300 and subsctitute ianto Eg. Ll7.

We obeain for xl

“Oiriggs, C. A.. Plume Risa. ISSA. Oak Ridge, Tennessee, 1969 (TID-25075).
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X = 5.20/9.8 (500/300) = 6.4 m

or, a4 very short distance from the origin. For still or near still air
(u < 0.5 m/sec) the initial momentum should be treated as part of the

overall cloud rise.

In Ref. 1, we adapted the recommended formulations of Briggs

(Ref. 20) for plume rise; that is, for unstable and neutral we have

1/3.2/3

_ L.6F "x 1/6

44 ) (18)

——
u

Ah = =

. 1/2 2/3 2 =2
6F % 30.4 +0.64 5+ 2.2 L {1 + 0.8 5~}

u % Xe

(19)

4 -
respectively, where I = buoyancy flux (m4/sec3) = 3,7 x 10 > (cal *

burn time), and x, = transition value for x = O.SZFO'4 (English units).

1/6 is

It should be noted that the addition of F to curract for cloud top

instead of centroid. The appropriate values for the heat release is given

in the model stiructures.

21 e .
Venter refining Briggs' work, reports that Eq. 18 represents the

initial rise uncil x = x_ and Eq. 19 represents the trajectory after x,,
where

X, ® 16r°/® for F < 35 mz‘/s3

A 1
« X, ® 34FO‘4 for F > 55 m*/s” (20)

ar it 41

3

'lVen:er. G. P. N., "A Comparison of Observed Plume Trajectories with
Those Predicted by Two Models," Atmospheric Environment, 11, 1977,
pp. 621-426.
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where s = stability parameter and the final rise is given approximately by

/ 2/3
)

AR = 1.6F" 2 (3.5% /u (21)

for x > 3.5x,.

The constant (l.6) appearing in the above equations can be shown to
be related to the entrainment factor 3 with a value of 0.6, 3 represents

the cloud growth rate with vertical rise; that is, 3 = cloud radius/Z.

For stable plume rise, Ref. 1 shows that Eq. 18 describes the rise

1/2

until x = 2.4u/s The maximum rise was given as

- . 1/3
ih = 2,9 (F/us 22
max (F/us) (22)
where again the constant 2.9 relates to an entrainment factor = 0.5. Venter
gives an alternative form by Briggs for the complete rise as

ih = 2.9 \F/Gs)l - cos (xs's/ﬁ)l (23)

*
which has a maximum at x = rru/s'5 and is equal to Eq. 22,

The different values for entrainment factor are not unusual since
the magnitude is one of the major uncertainties in analytical treatments
and the entrainment value is established when the predicted results are
compared to experimental results. Shwartz and ‘I‘ulin22 state that 2 can
vary between 0.3 and 1.0 and for their work the values ranged between
0.42 and 0.60.

*
From experimental results one can estimate for the non-buoyant plume that
the maximum rise at x = 100, 500, 1000 m under neutral and stable com-

ditions is 60/u, 105/u, and 150/u, respectively.
2

2 :
“Shwartz, . and M. P, Tulin, "Chimney Plumes in Neuzral and Stable o
Surroundings,’ Atmospheric Enviroament, 1972, pp. 19-35., (An interest-

ing paper on the vortex formation of the plume in a stable atmosphere.)
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Equations (22) and (23) apply u » 0, f.e., the bent plume or cloud,
ot x = ut > 0, when u =0, i.e., for still air, Morton et al. (Ref. l4),
in their classic paper give the maximum rise of a buoyant plume in the
following expressions for the instantaneousg and maintained sources. tThe

expressions are given below:

Instantaneous

B 1.87% % (@ (24)

Q = energy release (joules). For example, a cloud produced by 100 1h of
INT will reach a height 230 m.

Maintained
(0.25
H = 31 (m) (25)
ma (1 + n)3/8

where Q = energy/unit time (kilowatts), and n = ratio of (actual lapse/

adisbatic lapse).

[n conjunction with the above, we assume an entrainment facror of
0.5 so that the cloud radius is =0.5z. Hence, we can define the approximate
maximum diameter of the plume; that is, the diameter = Hma . The diameter

X
at any other height ~ 21z or the plume haif-angle (s &7,

Briggs indicates that for stable, calm conditions the maximum rise

is given accurataly by

odait ol

where 3 (s the average potential CTemperatubw gradient traversed by the

sabes

5- cloud. (Note the analogous forms of £qs. 22 and 24.)

33
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When a ground inversion exists then the cloud will penetriate the

inversion if (;h)max dafined by Eqs. 12 or 16 exceeds the height of tae

E

inversion., When the inversion Layer is aelevared, i.e., begins at Z > G,
R C.4, 0.8 .
then ctie plume will penetrate if the iaversica tap z, S 4F” /bi for
calm ceaditions (u = 4) and 2, < 2 (?,ubi) for u » J. The parameter
bi i3 defined by the expression
b, = g T T (27
g " 8=y

where .T = temperature diffarence of the ilnversion layer
e
T = absolute ambient temperature (°X)

3
g = gravitational acceleration (m/sec”)

Alternactively, {f the plume ctharactaristic temperature excess 2axceeds the

laversion temperature ATL then che plume will penetrate; that is

o
¢ ‘.

2007

—
[ ¥
w0
~—

Tss

Briggs (Ref. 19) suggests that = 3.3 when the plume (s rising through

neutral air (category D).
{n Ref. L, we devaloped an expression for plume (17) 33 fuaction of

concentration and relative humidity was developed. The result i3 given

We now return to the exotheraic chemical aunitian and decermiasg the
dizensions of the resulicant aarosel cloud. The averall 2loud rise, 2. i3

given by the expression

sz *lh (292

L)

whare = = momentum rise (see Table 1M

Ah e gize due o hMeat adgirion
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These paranetars have been defined above, The value of the lateral spread, 1
v, 1s given in Table 9. Since Z » v the aerosol cloud shape 1s assumed to
be defined as a quarter of an allipsoid, i.e., the volume for a peint

source 1s given by .
V(e) = ~xyZ/6 (39)

2.6  MULTIPLE AND ARRAY SOURCES
For a linear array 2qually spaced instantanecus point sources, e.g.,

a-munitions spaced "'d' metaers apart where d > y (¢ = 5) they can be treaced

ag individual sources; see Fig. 13. From Fig. 13 we note the overlap

accurs at time t = (d - 3.1)/Au where A is the constant given in Table 9.

y = 9.1 + Ax. 3eyond this, the lateral pach length for o = 2 will decredse

oy the amount.

= d s (%, =)k

-

L (31)

where 3 is rhe value of x az time of {acaersection and x, Che value of x

at the point of interest. For o munitions we can write {mmediately

-

La(n - Did)ix, - x,)/x (32)
whaen the wind speed 13 4t an angle, 3, appropriace adiustment (s required.
The averlap zones are significant for radiation transport (optical

nroparties) lasar propagation and some ¢ases of backscatter., However, far

C - L computation ane may treat the soureaes as additives.§:<:iL‘.
i -

Far 3 linear continueus gource of length, 1, where Q grams of smoke
aaterial of yield ¥ are released, the quantity of smuse produced per unit

ength ger 3ee¢ i3 (Q = %)/ (1 » 1) gma/mgee.

The concentrstior %o 3 first approximation i2 defimed By ke relation
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where u = mean speed (m/sec)

Z = smoke cloud height @ "x" (z or 2)

k = incremental length of smoke width @ "x"

For the case when wind speed is normal to the smoke line, k = y/2, and
when u is at angle, 9, to the smoke k =y sin 3/¢. The non-uniform spatial

distributions in the x and z may have a form similar to Eqs. 3.18 and 3.19.

For a distributed source, a combination of point and/or linear arrays
may be applied with appropriate accounting of the time coordinates; that
is, if we have linear arrays at X xj and Xy then any x is (x - xi),

(x - Xj) and (x - xk) and the relative time is tl = (x - xi)/u, etea.
A program for distributed steady sources like smoke pots and generators

is given in Appendix D, Ref. 1.

When a moving ground generator is utilized a vectorial representation
is applied; that is, the generator velocity, v, is added vectorially to the
vind velocity, u, hence for a headwind, a line source is produced with a

resultant mean wind speed of u + v, The value of x is found by

U —

>
v
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applying the expression, x = {!3[ + lvi]t. The expansion in y and z

directions are defined by Table 9.

When the generato: moves at an angle to the mean wind then the

resultant speed would be found again by vector additionm.

2.7  VALIDATION TESTS
In Ref. 1 we present numerous examples of the model's capability to

predict a priori the mean concentration, C, and concentration x path length

(C « L). Here we will again {llustrate the validity of the proposed

smoke~obscurant aerosol model and discuss any deviations.

1. Test DP1-002-T-4 (HC Smoke)

The initial conditions provided by the test organization are as

follows:

U, mean wind speed - 4.0 m/sec
Pasquill Category = C
Relative Humidity -~ 36%

Munitions 36, M84Al canisters

linear

Array

With these data the resultant calculated and measured values are shown
in Fig. 14. Although the general agreement is good, better agreement could
have been achieved if the non-linear burning time had been applied,

particularly in the 60-100 sec time period.

2. Trial 2 (DP1-002) (HC Smoke)
The initial data provided by the test organization are as follows:

-

u - 8.8 m/sec
Pasquill Category - D
Relative Humidity - 25%

Munitions 8, M84Al canisters

With these data the resultant calculated values were compared to both the

aerosol nhotometev vesults (see Fig. 15) and the C * L derived by the
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adjacent transmissometers (see Fig. 16). First we note the difference in
the two C ¢« L plots, particularly at times greater than 60 sec. Second,
the absolute magnitudes differ. Hence, correlation would be difficult
between the two results except for the fact that they are not collocated;
that is, the transmissometers are displaced 10 m and this can account for

differences as noted in Sec. 2.3.

The agreement of the calculated points is better for the trans-
missometer with the following exceptions: (1) at early times the acn-
linear burning would reduce the first point to about the correct value and
also raise the second; and (2) the observed dip at about 80 sec 1s due to

atmospheric fluctuations.

3. Trial 17 (DP1-002) - WP Smoke

The initial conditions are as follows:

u - 3.7 m/sec
Pasquill Category ~ C

Relative Humidity - 367

Munition -~ 1, 8l-mm mortar

The comparative results are shown in Fig. 17 where the photometer C « L
curve is used. The initial difference between the two is probably due to

atmospheric fluctuations.

In Fig. 18 we have plotted the C « L values (the outside one applies
to "1") for the three transmissometer lines which are spaced 60 m apart,
i.e., 60 m on either side of the one near the sampler line. We note that
the single mortar behaves more like a puff than a quasi-point source,

i.e., like multi-mortar arrays or artillery shells.
Lastly, the small C « L values or the "flare-up'" of (3) at late

times are not afterburning but concentration fluctuations due to atmospheric
instabilities.
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4, Trial 10, DP1-002; WP Smoke

Input data:

u - 7.9 m/sec
Pasquill Category - D

Relative Humidity - 32%

Munition - 4, 4.2" mortars

5. Trial 21, DP1-002, WP Smoke

Input data:

u -~ 4.6 m/sec
Pasquii. Category - C

Relative Humidity - 25%

Munition - 1, 155-mm shell

The comparative resulcs are shown in Fig. 20, and the agreement fis
excellent. Here the effacy urf fluctuation at different values are evident
and the mou2l predicts adequately the tail particularly when the fluctua-

tions are considered.

The comparative results are shown in Fig. 19, and the agreement is excellent.
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Figure 19.

C L Time Hiscory; Trial 10, DP1-002, 4~42"
Mertars (@ Model Predictions)
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Figure 20. C ¢ L Time History; Trial DP1-002, 1-155 mm

WP (® Model Predictions)
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3 YOOIL STRUCTURE

The nodels described here are written (n 2 seli-contained format for
each tvpe oI smoxe and obscuring aerosol. Hence, thare i3 considerable
rapetitinon oI exprassions that could be compiled Ln several subrouzines

tf 4 genaral computer prograd were Zeneraled.

of the concentration, C (g/ml). path lengeth in the c¢loud, L (m), aad, the

wizh the requisite input data and then proceed to the procedure proper.
3.1, 0 Zdput Data
A. Scenario
Local target and >bserver locaticns
Muaition deployment plan
Munizion rate

Sensor type and operatisnal waveé.ength dand

3. Smoke Muanitions

C. Mateorolozizal Coaditions

Time 2f day .
: } To establish atability catsgory

3.0 COMPUTATION SCHEME 7FOR CLOLD CONCENTRATION OF SMIKES OBSCURING AEROSOL3
‘ » In this section, a procedure i3 outlined to permic the determination

3
laportant parametar, C - L (g/m"). The units use¢ heze acre defined; however,

we uti.ize primarily zrams, meters, and seconds. e initiace the discussion

Foban ot St it b on




Mean wind speed (m/sec) - surfaca to L0 =

Temperature, T (°C) - 2 10 = and 0.5 = above ground level
Wind direction

Relative humidity (RH %)

Elevated Inversion; specily helght above ground ievel and

temperature gradient

3. Optical Properties

Scattering, absorption, and extinction coefficients

Visibilicy, Lif Eq. 28 and Tables 9 and 10 of Ref. ! are used.

3,1.2 Determine Concentration for Single or Separate 3ulk ¥? Munitcions

3.1.2.1 Basic Concentration Equations

C (R,y,2,8) = (W« oY) & ‘¢ oy « Z/4)

C (%,¥.2,8) & (W + = o ¥) ¢ (723/‘12)

{(Note: Cloud shape 13 a cone with apex =~d = balow the

svound level.)

where Wos ¥l weight (3)

T

~ e Fill efdlclency

vicld

K <<
(1

* lemgrh in direction of 4 (m)

!
]

lateral spraad _ to x ()

it

» Bucvart rise {1h) + momentum vise (2) - =

et
«

Zein Iimg vind speed (a/3ed)

Yoi.2.0 Mass Caleulation
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¥ ow f{ll welght s spec{’lc. {07 given muniiion

-~ = .0 for ordinary zarrain surfaces

0.35 for soft, siowed field surfaces
= 3.30 for muddy ter

Ta.n
v oo s P X%
{ = 2.9 + 0,003 (RH - 407)

- - -

Caiculation for %, v, &, and h; u - )

o5
L)
[

fa)} Estabiish Stabilicy lategory

T o= T(W0 om) - TeIL3)
3= LT + 9.093

194 4 < Q, unscable

~

= (, aneutral
0, stable

2.1, retais vaiue Yor ground inversion height

{3; EZsctablish u at 10 =, Time of Jday and ciloud covar enter

Table !.aad find specific Pasquill Category, : N
sufficienz 7:r CAT 3J.
TAGLE 12
PASQUILL SYABILITY CATEGORIZS
Nizhg z
Surface wiad tnsolation Thialy Overcast B
3aeed 4f 0w et — ar 253
(m/==2e™) Seeang  Moderate  Slight Law Cloud €1/3 Slaud
2 A A-8 3 -- e i
AR A~ ] ¢ g 2 3
=3 3 $=C < Z £ %
3-4 ¢ C=0 b ] )
e < 3 3 ! 3 g
2
5
2
3] i
H
H
d .
. "(b
.. o - e et . e ———— J
e g A A A AL SN RT : T = Bt bt ot
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(c)

Cloud Dimensions

1. x =ut
2. Given Pasquill Category, find y in table below.
y = 9.1 + 5.419x Pasquill Category - A
= 9,1 + 0,328 Pasquill Category -~ B
= 9,1 + 0.238 Pasquill Category ~ C
= 9,1 + 0.20x Pasquill Category - D
= 9,1 + 0.18x Pasquill Category - E
= 9,1 + 0.146x Pasquill Category - F
= 9,1 + 0. Pasquill Category - G
3. Given Pasquill Category, find z in table below.
Note: This z value represents momentum exchange; see use when
Z = Ah + z is presented.
z(x) = 2.73 + 0,39x G =0.5 m/sec Cat - A
= 2.73 + 0.25x = 1.0 m/sec Cat - A
= 2,73 + 0.18x = 1.5 m/sec Cat - A
= 2,73 + 0.15x% = 2.0 m/sec Cat - A
= 2.73 + 0,137 2.0 m/sec Cat - A
= 2.73 + 0.11x Cat - B
= 2.73 + 0.073x Cat = C
= 2,73 + 0.06% Cat - D
= 2,73 + 0,035 Cat - E
= 2.73 «» 0.046x Cat = F
=2.73 + 0.03x Cat - G
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Buoyant Plume Rise, Ah

(a) Compute F = 3.7 x 107> (800 * n + W + burntime]
(mq/sec3) using values from Sec. 3.1.2.2 and a

burntime of 1 sec for artillery and 1.5 sec for mortars.

(b) For Unstable and Neutral, CAT - A, B, C, and D,

PRV

Ah(t) =1 u, CAT A, B, aud C

.6Fl/2x2/3

=1 [0.4 + 0.64x/x, + 2.2(x/x*)2] *

[+ 0.8(x/x,)]°

5/8 F < 55 mq/sec3

3

where x, = 1l4F

*

= 34FO'4 F > 55 mqlsec

Maximum Bucyant Rise (Cloud Top)

1/

. 2 2/3 , -
(@h) = L.6F' 3.5k )7 ¢ 4

Alternative Rule

(Ah)max @ x when concentration==0.lg/m3 or

exact expression for AT in Fig. 12.

WARNING: Check for elevated inversion; if none,
Z = Ah + z, otherwise follow the steps below.

1, Determine height of inversion and A'I‘i = T(ZZ) - T(Zl)
2. Calcvlate bi = gATi/T (see Eq. 27, Part 1)

3, If inversion top defined by Zi’ then plume pene-
trates if Zi <2 (F/ubi)o'5

4, Clearly if (AT)

trate

plume > (ATi) the cloud will pene-

75

L Mg VB S

Ay



{c) For Stable Conditions: CAT E, F, etc.

Compute s =(g/T)9z (see Sec. 3.1.2.3)

Determine X, = 2.4 G/so’5

/ -
Ah = 1.6Fl/2x2'3 T u for x € x

1

_ o= <113
(Ah)max = 2.9 (F/us)

Note: If Ahma > Hi’ ground inversion height, plume will pene-

X
trate.

(Ah) < Hi, then Hi is maximum

Z =2z + Ah

The substitutionof x, y, and Z into volume expression gives

the concentration when u > 0.

3.1.2.4 Still Adir, u = 0

Concentration=(W ¢ n *« ¥) + Volume

(W+*n -+ YY) defined in Sec. 3.1.2.1.

2z @n = s5.080 25738

F, s defined above

Volume = (n/3)23 . 82, B8 =10.5

if inversion top zy < Z, the cloud will penetrate or,

Plume is a cone with apex ~8 m below ground level.
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where

t(Z

=r/Z = (x2 + yz)l/2 + Z

Iy 1/2
nax) = (42/g)

METHOD FOR WR/RP —~ WICKS, WEDGES, PLASTICIZED MATERIAL

Munitions Characteristics

2.75" - Wick, Wedge

3" - Wick, Wedge

6" - Wick, Wedge

Navy, 81 mm - Wedge (RP)
Navy, 155 mm - Wedge (RP)
PWP/PRP

two 257 each.

We assume that the source 1s a linear-array, continuous emitter.

1. Basic Equation for Concentration

C(X, ;: Zy t) = (Q =Y e T])/(t d L)[lZ/TTG . Z(X’t)(l + k)]

Burntime (min)

4.3
7.8
6.5
4.3
6.4
2.0

The material

is dispersed in a radius of ~25 m, and we treat the source as three lines

25 m apart where the center line contains 50% munitions weight and the other

(g/m>)

2. For each line, Eq. 1 applies; however, we have at each value of t

the values of x are (ut

arrives at tiwes, t = x/u *

X N <Rl ® e 3O

25).
25/u.

f111 weight

yleld for WP/RP
efficiency factor of fill
burntime (sec)

length of array (m)
y(x)/% when u L 2

mean wind speed (m)

mean cloud width at x
cloud height, z + Ah at x

uot
17

Hence, at the position x the cloud

e




If u is at an angle 8 to 4, then k = y(x) sin 3/1

where

3
[}

t o 3 3
|

Y = 2.9 + 0.003 (RE 7 - —o1) &7

.5 for muddy terrain

.85 for soft, plowed terrain

—

for general conditions
determine from operational plan

burntime look-up value

3. Frem input data, determine Pasquill Category

Surface Wind

PASQUILL STABILITY CATEGORIES

Night

Thinly Overcast

Spead at 10 m Losolacion or 24/8
(m/sec~1) Strong  toderate  Slight Low Cloud <3/8 Cloud
2 A A-B B -- -
2-3 A-B B C E F
3-5 3 B-C c 2 )
5-6 c C-D D D D
>6 C D D D D
4. Expression for y
y = 9.1 + 0.419x Pasquill Category - A
= 9,1 + 0,328 Pasquill Category - B
= 9.1 + 0.238x Pasquill Category - C
= 9.1 + 0.20x Pasquill Category - D
s 9.1 + 0.18x Pasquill Category -~ E
= 9,1 + 0.146x Pasquill Category - F
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5. Calculate k =y (x)/2 and (1 + k)
6. Procedure for Z = E(x) + ‘h

(a) For Cat A, B, and C

Lept/2,2/3 . -

L = T O

-5

F=23.6 10 "800 ¢ n ¢« Fill Weight (g) : burntime (sec)]

(b) For Cat D

.6Fl/2x2/3

| Ah = 1 (0.3 + 0.64x/x, + 2.2(x/x*)2] 3

a1 +0.8x/x, 12

(¢) (Ah) for Cac A, B, C, and D
max

{ \ B 1/2 - 2/3 , -
(&) = L6F '~ (3.5x) """ ¢y

i A
! where x, = 14 F5/8 F < 55 m“/sec2

{ 0.4

i = 34 F F > 355 m“/sec2

The values for z for different categories are given below.

z(x) = 2.73 + 0.39x u = 0.5 a’scc Cat - &

| = 2.73 + 0.25x = 1.0 a/sec Cat - A

| = 2,73 +0.18x = 1.5 m/sec Cat - A

= 2,73 + 0.15x = 2.0 a/sec Cat - A

5 = 2.73 + 0.137% 2.0 m/sec Cat - A

= 2,73 + 0.11lx Cat - B

= 2.73 + 0.073x Cat - C

= 2,73 + 0.06x Cat - D

: = 2.73 + 0.055x Cat - E

= 2,73 + 0.046x Cat - F
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(See notes for Bulk WP on inversion procedure.)
(dy Cat E, F, and G

Compute s = g/T)éZ

Xy = 2.4u 3 sl/2

1/2 2 -
Ah = 1.6F /Lx /3 Fu for 'x < 3

| o are e L3
(.\h)max 2.9(F/Ua)

If (Ah)max > H, ground inversion haight will penetrate,

(Ah) <H, Z___ =H.
max max

(e) Calculate z for specific Pasquill Category

z(x) = 2.73 + D.39x u = 0.5 m/sec cat - A
= 2.73 + 0.25x = 1.0 a/sec Cat - 3
=2.73+0.18¢ /| =1.5 a/sec Cat - &
=2.73 + 0.135x = 2.0 n/sec Cat ~ A&
=2 2.73 + 0.137x 2.0 m/sec Ccat - A
= 2.73 + 0.1lx Cat - 8
= 2,73 + 0.073x Cat - C
= 2.73 + 0.06x Cat - D
= 2.73 + 0.053x Cat - £
= 2,73 + 0.046x Cat - F

) Calculate 2= 2z + 3h
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7. Calculate concentraticn

Substituce values for Q, y, 4, ¢, g, 2, and %, compute

C(x, y, 2, t) for each line, and add value at =ach x ar time,

t, as needed.
8. Find L, the path length througt :xe cloud, and then compucte C - L.
9. For u = 0, use algorithms described for bulk WP in Sec. 3.2.

3.3  METHOD FOR HC SMOKE CONCENTRATION TIME HISTORY

3.3.1 Muniti-sns Characteristics

105mm M1 Canister; Fill Wt = 1.65 lb; Burntime = 180 sac 7 M84 shell
L35mm *M1 Canister; Fill Wt 5.8 1lb ; Burntine = 120-140 sec; M116Bl (3/shell)

*M2 Canister; Fill Wt

3.0 1b ; Burntime = 560-240 sec; Ogive (l/saell)

Basic Equation for Concentration

(g/m3)

Clx, y, 2, ) = [3 : £ ] L2

L) om e T s 2(x, (L * X

Q = quantity of fili (g)
Y s '_]434«‘ ot HC

(o)
L

hurntime (sec)

=~
[]

length of canister array (m)
v(x)/1 when 3 is | to I

e

s time mean wind speed (m)

"
]

<1 et

a ¢loud width increase at X

s
New fill weights are 5.46 and 2.69 lb, respectively.
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Note: (1) We assume a near-linear array for the artillery delivered
canisters; i.e., the starting point (x = 0, t = Q) will

be the mean distance.

(2) If uis at 8 to 4, k = y(x) sin 3/2

(1) Y =1+ 0.051(RHZ - 5)0'85

(2) y = 9.1 +0.419 Pasquill Category - A
= 9.1 + 0.328x Pasquill Category - B
= 9,1 + 0.238% Pasquill Category - C
= 9,1 + 0.20x Pasquill Category - D
= 9.1 + 0.18x Pasquill Category -~ E
= 9.1 + 0.146x Pasquill Category - F

(3) Z = z(x) + 4h

Ah = correction for exothermic effect

(4) For Cat A, B, C

L epl!2,2/3
show =R op
u

PRV RYE
i
99
(3) F = 3.7+ 107> [500 cal/g * Fill Wt (g)/Burntime (sac))
t < 10sec

(6) For Cat D

1/2.2/3
an e BB X 0 b 0066 (x/xy) + 2.2 (x/x0°)
[}

(1 +0.8 (x/x)]°

L Rlh2 213, -
(@h),, = et x4 T

Ge @ 14 ?’/S F <355 m!*/s3

X, = 34 g0 Fassat/ed
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Ah = 1.6 F

.8
S T az

(8) z(x) = 2.73
= 2.73
a 2.73
= 2.73
a 2.73

= 2.73
= 2,73

+ + + + 4+ + o+ 4

and, if <H, 2z
max

(7) For Cat E, F, etc.

0.39x‘
0.25x
0.18x
0.15x
0.137x
0.11x
0.073x
0.06x
0.055x
0.046x

1/2.2/3 | -
X T u

\ i - 1/3
(uh)max 2-9 (F/Ua)

= H.

— ~ O

"~

o

[ IR V]

O O W

9 = Potential Temp (z = 10 m, z = 0.5 m)

m.'sec
u/sec
u/sec
m/sec

m/sec

)83 (Ah)max > H, ground inversion height wiil penetrate

For u = O and iaversion
Sec. 3.1,

3.3.2 Inputs

T (0.5 m)
T (10 a)
u

Pasquiil Category

(3h)

layer conditions, see algorithms in bulk WP

Munitiea Quantity - #M1 and 2

Munition Type - 10S mm or 159 =

Leugth of Array

Relative Humidicy

33
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Define J, Burntime

Compute Yield use Eq. 1 using input relative humiditv.

Compute _h
(1) Scipulate Pasquill Category

(2) Caleculate F, x,, or s
(3) Unstable - use Eq. &
Neutral - use Eq. 6

Stable ~ use Eq. 7

Compila 2(t) = z(t) + :h

For given Pasquill Category and u, select appropriate z(t) from

Eq. 8 and appropriate ‘h Eqs. 4, 6, or 7. Calculate Z(t).

Compile y(t)
For given Pasquill Category, select appropriate y(t) from Eq., 2.

Calculata y(t).

tHy

Calculate "k" and (1l + %)

Compute C(x%, v, 2z, %)

Input A, 3, D, and ¥, ¢, and t as defined under munitlons iato EQ.

)

This is mean, homogeneous concentration.

To find C » L

Multiply appropriate C{t) value by line-of-sight path lemgth, L,

in meters.

Cloud Width at x @ ¥(x) + £

Note: The paersistence of the screen i3 Cerminated at the end of buratise.

For u » 0, use algorithas deserided for bulk WP (See. 3.1).




3.4 METHOD FOR 7OG OIL GENIRAIOR

3J.4.1 General Considarations

1
The M3 fog oill generator™ is 3 pulse }lec that vaporizes 15 zc 30

z2al/ar of oil. The weight is 3.36 «zs/3al. 1In addition, the engine consumes
3 gal of gasoline/hr and exhausts the combustion products. For Cha present,
we neglect the latter although it may have a near ield affect on infrared

rransaission.

There {s a thermo-mezhanical effect fa the near filald of the generalor;
that {3, the oil vapor is hot and leaves the nozzle at near local sonic
speed. It L35 estimated that about 5 kcal/sec is reieased due to condensa-
tion and cooling. Also, the iet would come -o near ambient air speed at
~3 = {rom the nozzle exit plame. Again these cffacts are omitted; however,

the source is now located =~3 = from che generator.

Hence, the source i{s defined as a static, non-exotheraic, poinz-

enitting Q grams of oll droplets par second.

We agsume the anoke cloud to be defined by a semi-cone reszing on

the ground; that is, the x, v axes are {1 the ground pline and zhe 2 axis

is to tae ¥, ¥) plane.

-~

X ® ut (2 i{s in dircetion of w)
“here u © *im¢ 2eda vind speed 3¢ 2-m Reighe

& time (=gQ)

'Ll

-
-

When the siz fesperature i3 - 30°F, the cloud dissipates rapidly.

¢ 2]
\n




3.4.2.2 Cloud Width, 7

7(x) = 9.1 + 0.419x Pasquill Category = A
= 9,1 + 0.328x Pasquill Category = 3
= §,1 + 0.238x Pasquill Category = C
= 3.1 + 0.20x Pasquill Category = D
s 3.1 + 0.18x Pasquill Category = =
= 9.1 + 0.140x Pagquill Zategory = F

3.4.2.3 Cloud Height, z

zZ(x) = 2.73 + 0.39x u = 0.3 m/sec
a 2,73 + 0.25x a 1.0 m/sec
= 2,73 + 0.13x% Catagory A = 1.5 o/sec
= 2.73 + Q.15x = 2.0 m/sec
e« 2,73 + 0.137x > 2.0 m/sec
a 2,73 + 0.11x Category 3
= 2,73 + 0.073x Category C
3 2,73 » 0.066x Category 2
= 2,73 + 0.055% Category E
v 2,73 « 0Q.06éx Category F

3.4.3 Concentration

To find the concentration during the emisglon phase, wa ds3ume 3

series of discrete instantansous sources whers the concentrarion for aa

instantaneous source is given by

C o (gia)) (31)

T - -
wEY

whére Q = grams released (a ! sel and 5 aad v as defiaed in Secs. J.«.2.1

and Y.J.2.0 respectivelr.

The coavession Irea gal/he to g/3ec iz 0.9}




——— e

Equaction (31) caa now be

constant,

C(t) =

writlen as a function of time since § =

7.13Q i

- 5 (32)
Yoot} u t(9.L + Ay » )"

whetre A {3 a constant Jefined by the specific Pisquill Category and Q

i3 in gal/hr.

for l-sec f{atervals, we have a serias of aquations s .ch as

cy - L[

o
u LA il e

c(z) = 140

o [209.1

cia) = AR [

* A

.
[ =4

.
L

u n(2.;

waere n = durntime in geconds, ©

A SRS

)

Clx(y] « 258 o : }
U tel [t(?.l *Au )"
Q'
- i ‘% * [
Cix(y] = 4*§§‘ p [ o ;
v oeed [Pl v ag e "

e

LW AT




For t = tb’ then x = utb, and

Clx(ey)] = 112 L]
u tb(9.l + Autb) J

Note: The above simple procedure is suggested for ease of computation.
Also, the concentration will fall rapidly and, tierefore, the concentration

calculation will be terminated at x values << x = th.
Fer t > ty o it is suggested as prelimina:7 estimate to find the

mass near the crigin and treat as & new instantaneous sour.e, at x = 0,

retaining the initial concentratioa arrival. Hence,

5
ﬁ haad -
M=}_,Ci'Vj =c<1>-n 3. (9.1 + a0’
=1 :

+ C(5) - na * 5(9.1 + AGS)Z

244

C(t:)=_ —
u ¢ t(9.1 + Aut)

3.4.4 C - L Parameter

With the C given above and the specified line of sgight, find C *« L
(see Appendix F of CR-231, Ref. 1). It should be noted that, near the

source, the cloud is highly non-uniform.
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PART 2
EXPLOSIVE DUST OBSCURATION MODEL
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1 INTRODUCTION

In this part of the report we consider an explosive-generated dust
model. The basic data are examined. The early work that pertains to the
subsurface events (performed by the PM/Smoke~Obscurants during Smoke Week I
and at other field trials) is described. In addition, several validations
of the live and static firings performed at Smoke Week I, Fort Sill, and

Grafenwoh:r JI are presented.

As will become evident, there are difficulties assoziated here with
the validations. The number of single events are few, and amulti-events
are extremely complex phenomena. Also, the available data on the initial
conditions are limited; tnat is, the soil properties are not defined
adequately, the extinction coefficients appear variable, cloud gecmetries
are semi-quantitative, and/or meteorological data are limited. Nevertheless,
the geometrical histories of the dust clouds may be calculated; however,
tuae ability to calculate the transmission may be limited by the afore-

mentioned shortcomings.

9l
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2 BASIC CONS IDERATIONS

2.1 THE SCIL MEDIUM

Since we are interested in the dust clouds generated by munitions
exploded near the earth's surface (under or on), the soil characteristics
of the firct meter or so of the earth's crust are important., This includes
the physical and mechanical characteristics and the constituents for dif-
ferent degrees of saturation where the latter is due to precipitation.*
To avoid some of the difficulties such as mechanical properties, we will
depend upon experimental cratering results whenever available for the

different soils.

Table 1 lists the densities of several soil types. Note the profound
effects of vegetation and moisture on the denmsity. These variations atfect
the mass of dust injected into the atmosphere as s result of an explosion.
In the literature we Iind an occasional lovse statement that tha average

soil density is 2.5 g/cc.

TABLE 1
SOIL MATERIAL DENSITY

Matarial Deasity

Type g/ee 3.‘.:»/:':3

Quartz 2.87 167

Clay 2 124.8

Loose loam, dry 1 82.4

lLoam, wet 1.8 112.3

Loam, sandy 1.5 93.6

Fine sand, ioose 0.7 54

Compact sand, wat 1.8 112

Light soil-grass reots 0.3-0.3 <3}

Rogk materials ~2.4 130 i
‘0: witer table level. ;i

e vy
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At Grafenwohr the results of s¢il analysis show, primarily afcer the
explosion, that near the surface (G-5 cm), the density was 0.953 g/cc, which
included =287 vegetation; the moisture contenc was 28%, I[n another

location the value was ~1.13 g/cc, and the moisture content was 27%.

In general, the soil type up to depth of ~0.35 m was loamy sand or

sandy leoam with an occasional gravelly loamy sand. The moisture content In

Zone 4 was typlcally ~21%-27% and the specific gravity ~2.62 (183 lb/fc3).

Hence, the surface layer will have a low density; however, the pre-
dominant crater material will have a near average value 0! specifiic gravity

for a wet sandy soil.

The depth of the vegetated soil (sod) is impertant since the density
is lower than the subsoil, and che likealihood that the sod does not

participate ia the airborne dust cloud due to the weight of the clumps.

An analyvsis of the subsurface soil at Fort Polk, Louisiana, a silec-

stone, (s listed in Table 2. Note that the depth is in feet.

TASLE 2
SUBSURFACE SOIL ANALYSIS OF FORT POLK, LQUISIANA

Moisrure Degree of Wetr Dengity Dry Demalcy

Denth (fe) Contant (%)  Saturation (3) (lb/ft3) (Ib/fc?)
2-3 21.1 52,8 85.7 70.4
3.3«4.3 23.0 50,2 91.2 PEEN
+.5-5.3 20.2 6.8 §0.0 664.9
-2 4.2 84.8 1138 9.2

b IO R 24,0 20.2 1119 50.0
4.3-3.3 22.4 94,7 121.9 100.Q
h) 23.9 79.5 112,58 91.2
3.3-4.3 30.0 80.1 106.9 81.9
2. 53-5.3 4.9 70.8 106.2 35.0
=3 29.0 100.0 127.8 107.5
33303 6.3 96.5 16,2 108.¢
. 5=5.3 +5.3 100.0 106.2 93,1
-3 29.2 100.0 121.9 Peivw
3. 3=503 35,0 100.0 125.0 100.8
4, 5+5.) 29.2 59.8 113.1 32.6
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We note rthat the moisture contert does not correlate with degree of
saturation or dansity at different locales in the same general vicinity;
however, the percent of saturation corralates with the wet density. The

dry density is obtained by dehydraticn of the wet (actual) densicy.

Alluvial moist sandy soil (sandstone subsoil) in Coleorado nas a
density of about 120 lb/fc-.

From Tables ! and 2 we observe two interesting facts: (1) the
quancity of silica, clay, and loam will determine the soil’s basic density;
and {2) in Table 2, sample 1 has a greater specific gravity and a lower
dry density. For sample | there i{s probably somewhat more quartz than in
the other samples. Furcher, at half the degree of saturacticn the percent
welght increase is the same; that is, sample ! is less compact as evident
from the low dry density. At 100% sa:uracion the wet weight would be

comparable for all sampiesg =120 lb’tc

The chemical composition of soils dypencs on location and the nature
of terrain (wooded, desert, &ic.). In Ref. 1 data for severa. loca.2s are
given and are reproduced here in Table J. One must recognize that soil
composition is highly locale dependear; that is, t» spacify West Cermany
{s not to imply that ir is applicable vo ail of West Cermany! Further, the
existence of only 3% quartz in the Simai is highly questionable. Samples
from the periphery of the Sahara and other dessrts were shown 20 have

quartz ss their major mineral constituent.

3}
Flanigaa and Delong™ found from cheir sampling effort at several
Buropean locatiens that silica (qQuarts) conceatrations were high and that
little or no CdCO3 was found in 48 different locatioms arouad the globe.

The latter is common whare whellfish are or were sresent.

+
L Pt

Geble, G.. Obseuracion Jue 5o Dust of 3 laser Ream ‘iq 3 c Piriaz Baviron=
mene, USARMCOM, Rock lalamd Arsenal, Report AC~TR-75003. Octaber 1973,
—
“Flanigan and Delomy, Spectral Absosnrion Characteristics of the Maiar
Comnonents of Dust clauds, FAIRGGID, Seprember 1900,
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Mineral

Montmor-_
iilonice

Kaolonite

Tllite

Calcite

Quarecz

Hematice

Cerundum

Jtaers

TABLE 3

(Mg,Ca)0-A1,0
5510, *nH 0

3

Al,si,0
-+

4 lOkOH)s

v 1 2
KIA‘Q°j7AlIOZO(OH)

CaCO3

S10,

-

¥a0, TiQ, Cal
Mgd, ¥,0, Na,Q,
?,05 - -

'
EY

]
Mot magsured.
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CLASSIFICATION OF COMPARATIVE SQIL BY WEIGHT

Abardeen Motave  Germanvy  Sinal
35 25 43 25
20 20 19 17
20 20 10 20
L5 i3 20 20
5 5 * 3
* 5 3 5
o 3 # 2
* 2 * 1
® 2 & l

R i L R fa Wi s i ":‘Sfﬁw .“’ .

i8 the aormal stare these clay nimerals are usually hvdratad.
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Chemical analysis of dust aerosols over the Indian desert showed that

on a percentage basis they Zall into the Zollowing groups: Juartz - 367,

mica ~ 20%, feldspar - 227 (iaciudes the clay minerals), and carbonates

A

(caleite, dolomite) - 227, The existence of the carbenates is expested,
as a nigh proportion of shellfish Zragmeats are presenc in the southern
part of the desert.

The important of soil chemistry is that the parriculate scattering

and absorption propercies, particalarly in the 7 .o ragion, are

determined by the mineral type. Hence, ro Zind the efiactive extiaction

coefficient <ntegration of the compiex band structure is required. More
important, 1f a laser transmitier or transmissometar is used, significant
differences will be obtained, and the resultant mav aot be represencative
of the integrated & to 13 .m bands. The latcer may be a problem in scme

published dust data.

In Fig. 1, we show the spectral extiiction coefficients,
to 13 um for Fort Benning ind Fort Mclellan, resgectively.
content {s low at Fort Benning and of medium value at The
affact at 9.17 um should bte noted and also the difference in the absolute
value uf the extinction coefficient, namely, the Tort 3enning values ir=
vaodum 45 real.

2x Fort McLellan. The aminimum near

[ 2]

[ B

. PARTICLE SIZE DISTRIBUTION
Anothar parameter 07 hasic lmporzance i3 particle size distribution
since 1t enters into the determination of the dust's oprical properties,
Normally, the disctribytions found ia the literacure relate ta surface
condicions, whaergas for near-syrrface exp.osions we ara {ntereszad ia the
subsuyrface conditions., The Jormer (s germane to ambient aerasols, vehicular
dusc clouds, and airbursts without cratering. For complete covarags, we
will considar both surface aad subsurface Jetonations.

A standard soil classificaction thar is aot unreasonadle L1s given

n Table .
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FT. BENNING

67 o
Ni" 12 - “ \
= .12 i \ ji
|m . \/,.
! -08 ~ Silica
; N
.04 = /
SN MR AU AU SN
8 9 10 11 12 13
WAVELENGTH - um
.07 L
’ [ FT. McCLELLAN
.06 - /'
o) - ’
¢J\ .05 / \\
= / . \
: 04 - v
50
03 - Silica /! ;‘\
- \«
0020 - \‘\ //—v"‘-
1 L bt
8 9 10 11 12 13
WAVELENZTHE - uv
Figure 1,  Extinction Coefficient for Ft. Benniné and Ft. McClellan

97

B AR

- R



TABLE 4
STANDARD SOIL CLASSIFICATION

301! Class Size (Lm) % by Weight
Clay b) 12
Sile 5~30 38
Sand, very fine :0-100 15
Sand, fine 100--250 14
Sand, medium 280-500 5
Sand, zoarse 5G1=-1200 4
Sand, very coarse 1000-2000 1
Fine Gravel 2000-10,000 1

In Teble 5, we have listed the mass size distribution for various
locations and soil types. Again the predominance of the mass fraction {s in
smaller particles; i.e., for a particls of similar density the mass of 50 um
particle 1is 103 greater than for a 5-um particle or on a number densicy

basis the distribution i{s predominantly of smaller size particles.

Observations of ambient dyst may show few particles beyond 10 .m in
size, whereas explosives may generate dust clouds with several orders of
nagnitude (-104) of LOO-um particles or larger. For example, at Dugway
Proving Grouad, the surface soil mass median diametar (MMD) was 254 um,
whareas at 3-in depth the subsoil had aa MMD = 354 um. The Smoike Week I
tests held at Dugway Proving Ground showed chat oaly C.33% of the particles
were greater than 7% im. On the other hand, at Fort $ill, Oklahoma, the

parcicle sizes terminated at 10 um.

In Ref. ) measuraments of che particle size lofted by a tank mainm
gun muzzlz blase at a dvy lake bed, China Lake, showed that particles of
»

radii =100 um made up 307 of the dust cloud m333. This mass discribution

3xeaaueeaen: of Laser 2eam frangsission and FLIR Sipht Obscuration in 3
Tank Gun Filring Enviropnent, Ford-iccoautronic Division, California,
Report No. U-elal, Marzh 1977,

38

o



e it

0 o 0 0 0 0 0 GOOS

V4 0 1 0 f 0 {1 ans
|
91 1 Z s St 1 Lt a0¢ @ W
6 6 £ Yy Pl | 7 (4 00% |
L £s ki ¢ €1 14 ' | 051
61 (1 S 2] [ 61 81 oz
ve 91 GS ot 0f €Z < 0z
11 V4 ot 0s VA 0s 01 .S
weoy IMTS £eyn L1119 AP g urwop Apueg Lepn IS (umt)
pPurg ‘iaarin ‘Avn paxTW Tiemey Tiearny ridroan -&e10 K11y ueo] Lpurs 236
‘ERel SJouyirt riuioessie) aAdraoryowy RARAREILE]
%I
IZIS 310118Vd 40 NCTLVIMWA TWITH4YU2039 SN
S 37avil




weop 1718
vI0YPrg CoN

'ﬂ——:\.——-—n—ua

D~
'

CUGY IR RE KN
s1dmogy

(

BT =N ™D

-G~
133 67

Av1n Aayawyg
rurgsinmg

®ROT AR(D

13plv

. R UMt R .o o
S e seod eMg ARR GEE QNN
0 0 0 Dy,
14 ! 0 0641
ol f 0 o/
{ f 1 VL
! 0t 1) 051
Q A L5~ ¢
-LU- A 51 0’
Sy 61 | <
meoy 31(i< weer Avpo axw o) (amfy
rIONRq ‘og IO *Apurg ouygy sy

mROLE | L0 EIRIR LY

100

()] 0 0 0 G
3 1 l ” ()41 |
(1] L] ! it 00
ol f i 2 )
0f. 9 1 & 1391
N¢ Va1 { P (174
a1 -6~ ~6l- % () I'e
ot 6t L 9 LY
vy Apurng weoy meEo'r (1% (L]

caGegg

22T RIIY

EZ3 K

apayorsvy

‘g 197}

auT g 3 Iyung

(-1u0)) 5 Jisvl

e e Y - = - ik, At Sk, "t e v, e <~ e e

© . ‘- T e e an e g ek g = i




is characteristic of the surface layer. A similar mean mass diameter is
found for the DIRT-I test area at the White Sands Missile Range; see Fig. 2.
The additional data points are results from the Grafenwohr tests (November
1978): the dots are from a sandy clay loam; the lower points are from a
sand soil; and the squares are the results for a soil like the one at

WSMR. We observe that the MMD varies from 100 im to ~ 2000 ym (coarse
sand). Interestingly, the two silty sands are similar except for the

variation in gravel content; however, the overall effect should be small.

In Table 6, we present the percentage of particles below 74 um at

several US military installationms.

TABLE 6
PERCENTAGE OF SURFACE SOIL PARTICLES BELOW 74 um

Location Particle Percentage
Ft. Hood, Texas 16~-38

Ft. Bliss, Texas 5-8

Ft. Blisgs, Texas 24.4 (Field)
White Sands Missile Range, New Mexico 28.3

Ft. Huachua, Arizona 1.4-9.4

Yuma Proving Ground, Arizona 9.1-21.0

Yuma Proving Ground, Arizona <45

Aberdeen Proving Ground, Maryland 7.6-30.4

Hence, we should anticipate large fractions of particles in excess of 75 um.

This statement therefore raises a question, "How valid are the Smoke Week

and Ft. Sill sampler resultg?" What did the samplers actually intercept?

Alchough 100-ton detonations are not comparable to artillery-like

detonations due to deeper craters and greater energy release, nevertheless
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———————————————

their particle distributicns have qualitative interest. Particle discributions

following explosions of charges on the ground are presented below.

The in situ material (clay soil; water table 4 ft) prior to detonation

has a distribution given by

a _ 5.6 x 10%
dr r3’6

it should be noced that the primary emphasis was on the larger particles,
radii >10 um, and therefore, extrapnlacion to smaller radii are required.
We assume the distribution is valid to ~1 um. At 92 sec after the detona-

tion the sampling of the rising main cloud showed the distribution in Table 7.

TABLE 7

PARTICLE SIZE DISTRIBUTION IN MAIN CLOUD
(100 TON HE, COLORADC)

D (um) d¥/d_(log D)
26 0.212
48 0.124
80 0.0606
112 0.035
160 0.021
224 0.011
320 5.5 % 1073
448 2.37 % 1070
640 1.19 v 1077
896 6.4 % 107
1280

This distribution. like others, has a form givea by the espression

dn A
d (log D) po-! ()
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where A 15 a "number density,” or d¥/dr = A/c®. This form is approximately
the same as the surface layer; however, the exponent was 3.3 for particles ’

less than 500 ym.

At a later time, ~ 150 sec sampling of the cloud base and stem top

showed an enrichmeut of large particles 2200 um due to settling; that is,
2.34

3.75

the size distribution ~ r ftor the particles <500 pa. In the middle

of the stem the slope is r and is compatible with the ejected dis-
tcibution, Shortly thereafter, we established from the data a particle sizs

distribution function near the cloud base/stem:

gy | 7.75 x 10°

&)
dr r3.69

The major difference is a variacion in the number of particles >!00 um
aud their location. For particle sizes <60 um the numbers remain approxi-

mately .he same.

“his sampling took place during high winds. When the winds were aild,

the efrect on the large particles results in earlier fallout.

la another test, the parcic.e distribution near zround level was found

to be
BERPS.
2‘3. - .a;s.-...,_g +9 (%)
de 3.é .
14
With respect co particle size distribution from artillery aud smallar .-

changes, wo particle di-tributions observed in DIRT-1, under aild wind
condiciong, have been raported im Ref. 4. The first was obetaimed at 120 ses

after 3 barrage of B8-15% @ preojectiles where che saspler was at 10.8 s above

2
“Lindberg, J. D.. A Preliminary Remars an Dustw Iafrared Test - 1 (DIRT-1), i
ASL=-TR-002), Jamuaey 1979,
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ground level. We note that the particle sizes/diamecers varied from =1

to 200 ;m. At cthis time the cloud should be at =40-30 m alticude and
retain most of the lofted particles (no ballistcic trajectories assumed);
however, the iarge particles (100 um) should have settled to the ~10-m
leval. The sacond event consisted of 15~lb bare charges totaling 1.0,
detonated in a rectilinear array. Here the measurement was rade at 130 sec
afger detonatfon and at an alcitude of ~26.3 m above zround level. The
aumber of small and large particles were both larger than {n the above casa.
The greater number of small particles i{s understandable i{n view of the later
time and sampling alcicude. With respect to the larger number af large
particles, chis may be due to the charge array and the interacting effact of
charges which may have loftad a largey fraction of leoose surface dust to a

higher alcicude than normal.

A fit to the data gives the expression,

(liter . La™h) (5)

&l&

o
*n
—
's)
8
]

.
b
~

or in units

4N s ;
The exposent (2.83) is charscreriatic of large particle emprichment a3y noted
earlier.

We have assumed in our analysis that the particle size distvibution
is givea by

3

a8 3.3 « 18
ér 3.8 n

14

uhich is more chavscteristic of standard aerosol distributions and abaerved
funzcions of airborne dust gemarated by explesives. although thaze is 3
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difference between the two, the basic question is:; What L3 the time-gpace=-
dependent particle size distribution? The optical properties will depend
upon this question, particularly che particles with radii £ 5 um.

-

We will attempt to formulate the particle size distribution history.

First, we must establish the distribution of zhe soil type that will

be lofted into the atmosphere. For this we assume that the distribution

is given by
dN A
ar T3 (&)

Obvicusly, the exponent will vary between ~3.3 and 3.7. Next we assume the

important particle radii lie betweer. =1 and 200 um. Now, the mass density
(g/cc) of this function is

200
o . (%‘1 A f 0.6 dr) « 107F 9

1

where o = density of material (g/cc).

e |

If we assume ;> = 2 then M can be obrained directly; that is

mie) = 76.7 « lO"IZA(t) (10)

To find "A" we consider a time, t', = 0.14'73, where W = Ib of HE. Now we

define a crateriag efficiency, n(ce/lb HE). Then the ejected mass for W 1lb
of HE i3

¥enoWe«p (grams) {11)
whare > {3 the soil denstiuy. ince the entire mass ia not lofred wea

introduce a fraccional fallout mass, Bps CO represent the “inscantancous
fallout."” Hence, the airborme fractica (s

M{¢') = (L - “0) sn s p (12)
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The factors o, and 0 are functions of soll tvpe and s0il wetness and wil

be given later., Thus the factor A at t' for a cloud volume, V, is defined by

(1 - mo) e W s

A(c') = 1z
76.7 x 10 "TV(e")

12 che concentraticn were uniform then A(t) would decrease as V(c')/V(c)
ard similarly m(t). However, there is seciLling of the larger particles
and, therefore, the vertical particle size distribytion cﬁanges with time
as well as the concentration. The latter deperds upon wind speed and

particle size.

To simplify the problem we note that eleccro-optical transmission is
limited to less than 60 sec, probably ~30 sec. Within this time period
the upper part of the cloud should be free of particles with radii 2200 um;
however, these should have settled near the base of the main cloud. Further
particles from the stem will be blown into the cloud base; however, only

10% of the entire lofred mass %4s in the stem.

Hence, we assume that the particle size distributions are given by

= - - - "
the following expressions, when 4 > 0.3 m/sac, u S10 m/sec,

For ¢t £ 35 sec

N A .
N (140

4

For 3 <t £15 sec

The cloud base 23 o

N : ‘s
& (130

3

] -
See Part | for definition of u.
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The remainder, c¢loud and stem ‘

dN A
————  asmsme—— (l’,‘c) —~
dr r3.7 ‘

i}

ov t > 15 sec

N :
4

The values of A are found by the procedure described above with the

1
auxiliary condition that the total mass for ¢t > 0.3:4‘/3

accordingly, 90% in the main cloud and 10% in che stam.

is distributed

Addicional discussion {s given later when the concentracion

discributicn {s considered.

The above functions are needad to establish che Mie values for the
extinction, scatrering, and absorptionm; that is, the optical properties of

the dust. We consider this topic in the mext section.

2.3 DUST OPTICAL PRCPERTIES

From the above discussion we observe that to specify cthe dust
(explosive) optical properties is, to say the least, a difficulec task.
In Table 8 we have assembled several experimental values and a theorerical
one.ﬁ The theoretical value for the photopic region (0.4 zo 0.7 um) is
based on a watar-like particle, We have omitted the effect of diffracticn,
which will increase the forward scattering and reduce che extinccion
coefficient.

w
Patterson, £. M., "Butinceion Baetwees 0.33 .m and 10.86 u= due to Sasl-Derived
Aerosels,” Applied Optics, 1977, pp. 241a=2418. I this referemce Pattaevrson

reviews and discusses his results on the extinction coefficieat induced by
varying atmospheric dust acerosel size diseributioms. The variation due o sice
distribution i3 ~J ovders of magnitude. For cach spectral distribution, ihe
photopic value {5 ~2¢ the l0=-1] .m value and the variation within the 3-$ .a
vegion is small,
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TABLE 8
SPECTRAL EXTINCTION COEFFICIENTS FCR DUST
(mz/g)

Wavelengeth (um)

Just Qrizin Lhe, TS N 3-5 3.3 1.0¢€ 3-13 Souree

Edgewood .55 A .30.4  CsL
Fore S{11 .06 .06 .05 .03 DPGFR-78~313
fort SLil

(Surface) L2 .16 .19 .13 DPGFR-78-313
Dugway .32 .27 .35 o2 Smoke Week I
Wyoming .07~

Clay’? .125 Aeraedyne Tac.
Theoretical L4=.3 .13
Eglin AFB 27 .25 .28 .23 Smoke Week [I

i . . R
See Parvr 3 for addicf{onal data on the valuas for che photopic region.

“a single major deviation {3 the Fort Sill photopic extinction coefficient;
chat {2, *he lowest value observed for field data.

3Crushed to optimize size to + um particls diameter, {.e., comparadle ua
surface. Also a minimum should exist ac ~ 3.8 um for tha 3-5 .= baud.

The variacioas in Table 8 are primavily velated to composition snd
particle size discridution (lecationm). To appreciate variation i{a sbsolute

»

zagaicude 2ee au3e Fig. L.

The theoretical calewiation aft the 3 to 1) .= region wag performed

3L, and the iaput data wore grovided by this uriter aa

(1)

by B. Frizkei,
rapresantative of Jralfenwohr (wet site). The iamputs weve sinaral content,
izdex 2f vefraction amd particle distridution. Jur estimate for che mimeral
conteat of the gail is as foilevs: gquarsz (40%); feldspar (28%). ica (3L,
aad cardomataa (2%). Froz this, she csmplex inded of vefraction was eatsh-
lished wicth the effor: fodused om the =13 o= zeglon] 20¢ Table 9. Lith
these values and the particle size discpidutioa diN/jde ¢ § « l@sfr ‘&, the

%335 extinction coefficients weore computed for sphariesl pgrticles whage

ROSTR: (Tr gl
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TABL: 9 E

WAVELENGTH VARIATION OF REFRACTIVE INDEX -

§

Wavelength (Lm) Real Index Imaginary Index .
8.2 1.130 . 850
8.5 1.300 141
a.7 1.400 .1a3
9.0 1.700 .197
9.5 1.730 315
10.0 1.750 .300
11.0 1.620 .182
13.0 1.470 .142

upper and lower size limits were varied. Some results are given in Table
10, and a variation of the coefficient with particle size is shown in

Fig. 3. For the present study we used a lower limit for r = 2 um and an
upper limit of 200 um., From Fig. 3 we note that the important region for
this wavelength band is v £ 10 um. Hence, a good representation of the
particle discribution i3 significant.. For shorter wavelengths the impor-
rant region shifts inversely with wavelength since the particle size

parameter, %X, 13 defined by 2~r/} and x £ 53 is the significant range.

In the above discussion we did not examine an effeet of the explosien;

that {3, the possible dehydration of some ejected mass {particularly the

- . "
Although thiz scatement is self-evident, we make this appareat fram the
anzlytical expressiom for the extinctien coefficient,

o TN o
*a (e ) ‘j:/;(.i)-.iQe(a. gi. 1} de &
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TABLE 10
SPECTRAL EXTINCTION COEFFICIENT
5
L fum) 2 (m~/g)
8.2 .059
8.3 .089
8.7 101
3.0 .128
9.5 .133
10.0 . 140
11.0 L 142
13.0 .138
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minerals) sgince the firabsll will be >600° K for 1 sec detonation. Also
30il mcisture Ls ~20% of the total mass ejected. The moisture should
appear eitner in liquid or vapor phase.* A possibility 1s that the
molsture recondenses on the particles in the dust cloud and therefore,

the cloud particles are similar to the ejecta. For the present we neglect

this effect; see brief dicussion in 3ec. 3.8.1.

Also, there 1Is produced about 0.2 g of carbon per gram of INT. This
aerosol should be included wich the dust. A preliminary estimate of the

effect would indicate that the transmission can vary by =~ 153%.

Thus, we see that the optical precperties are varied, and a quantica-
tive understanding of the soil type, etc., ls required to obtain a reason-

able estimate of the transmittance.

2.4 EXPLOSIVE EFFECTS
The effects of explosive type c¢2n have 3some importance either for
charge weight equivalent or possibly cratering phenomena. We follow

coavention and useé INT as the veference explosive {n Table ll. The explosive

TABLE 11
EXPLOSIVE TYPES AND PROPERTIES

cal/a INT Equivaleat Detonation Yelogity (mm/uses)

e 984 1.0 8.93
Comp B 1119 1.19 7.99
(RDX/TINT/WAX) 1083 1.19 -
Comp Cs 1300 1.1 §.04
Zxplosive D T8l Q.3 --
1

This iz =mot true af che Pore Sill daces.

Comgider the crater cffscicemey af 1 fe7/lk thea the lofeed material

2 1b/1lb af H2 oz, $0= the awouar of cardam. [f the =333 extinetion
T caghan Lo 10+¥ dust, chen the contvibutioa o atteauatian fs ~ 20%.
e azauat of carbon will depead upon the type of explosive ueed!

o e W
g

l ::: ‘ \t 1o By

P e i Chedi

r',.

-

-




Comp B3 is also an RDX/TNT macterial. The racio of RDX/INT differs from the
mixture listed direccly below. With respect to cratering a lower datona-

tion velocity axplosive will be more effective. We assume the effect is

linear with velocity.

Above we used the value of 984 cal/g for TVT, a quantity whose
exact value 13 uncertain. Some investigators give a value of =730 cal/z.
Experiments serformed on encased charges indicate thac the effect aof total
shell weight should be included. The axpression established experimentcally

is given as

by

Heat Released (cal/3) = 740 (total weight/HE weight) '~ (13

Thus, for a 1535-mm shell we would nave ~1000 cal/g.

Since the high-explosive filler is not a sphere, the length/diameter
vatio of the filler and iniriator location should produce strong effects on
cratering, etc. These effects are omicted at this cime; however, thay

should be examined {a an upgraded model. Tha reader (s veferrved to Ref. 3.

T9 agcount Ior ambient condizions., i.e., pressure altizudes, we
2r02038 the use of the Jach's scaling law. Heace, the effective W of

¢xpiosive s

B

se3 Level} (18)

ati ”‘(9 .
Taleitude
Far latar use, we imelude Fig. o, which gives the significamt Blast
for an alr bBlast ia scaled form. Thesc includa prassure,
arrival time of the shack wave. shock duratien. 3ad material velecity.
For 3 surface bursl the equivalent chawzze weight is =21 and thegefore ac

¥
4 given raage the peax presduse will B¢ cquivsleat o 3 :aagefi'fs. Far

L

Yizausgki, J.. and W, B, Saydav, Charzerzerisrics 3% ®Blast Waves Obtaimad

fgas Culindrica]l HE Chaepay, Donver Roseareh isstitute, JRI.lse, L9eS.
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underground detonations, the equivalent free air charge weight is given

by

W(air) = W(ground) exp (—30Ad) an

soil specific gravity
1/3

where o)

1/3)

A, = charge depth/W (fe/1b

The latter is valid for ld £ 2, the range of interest here.
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) 3 CLOUD DEVELOPMENT MODEL

Here we axpand the model presented in Ref. 6 to include detonations
occurring at various depths and heights relative to the surface, and an
upgrade of the thermal effects. Although we discuss the cratering eifects
produced by spherical bare charges, we recognize that differences can

exist with artillery shells and other munitions.

3.1 CRATERING EFFECTS

The explosive energy coupled into the ground tec produce crataering
is a function of burial depth. For a half buried charge, i.2., a surface
burst with the charge center at surface, the coupling {s about 207 and will
{ rise to 100% when the depth (ft) = 0.6WJ'/3 where W is the charge weight
i (1b). For near~-surface bursts, i.e., above ground level, the coupling drops
rapidly. Hence, the fuzing effect can have a profound effect on the

i cratar size.

| Although the mechanical interaction between the coupling energy and
terrain is significant, the topic is beyond the scope of this study. For

| our model, we will relay upon experimental data to formulate the cratering

effects in different soils and conditions as a function of charge location

. relative to the ground surface.

We will now describe the results of several experiments performed

g under varying conditiors for the express purpose of deriving a basis for :
i

scaling laws. Again, we note that we have adopted the established proceduce i

j of relating spatial coordinates and times to (charge weight)l/3. ;
Since we are primarily interested in near-surface bursts, discussion ;

4

X _ will emphasize the range where the charge center location is :l charge
radius above or below ground lavel (see Fig. 5) where ST and HE are usad to
denote surface tangent and half buried, respectively.

6Zitkind. R., A Preliminary Description of an Explosive Dust Cloud Model,

General Research Corporation Report TM-235, 1978.
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HOB = 1 (ST) HOB = O (HB) D0B = 1

(0

e, b

» o~

)
N4 7

Figure 5. DLefinitions of Charge Placement

For clarification we note that a 1000~1lb spherical TNT charge has
a radius of 1.233 fr. Thus, at an HOB = 1 (geometrical height to charge
radius racio = 1) the center of the charge is located 1.33 ft above ground
level. Similarly, for HOB = 2, the center of a 1000-lb charge is located
2.66 ftr above the ground level. For a l-lb charge the radius is 0.133 fr.

In each of these cases a crater will be formed whose size depends
upon charge weight and soil conditions. In Fig. 6 we provide some defini-
tions applicable to the crater where "apparent' means the created physical
void., It is assumed here that the volume of the apparent crater, Va,
is initially discharged into the atmosphere and creates the primary and
secondary dust clouds. The latter may be caused by stones, etc., (salta-
tion process) but for the present is neglected. Our major interest will be
on the following:

c.or r, = crater radius, apparent

¢y oF da » crater depth, uppareat

One should note that the lip contains some ejecta and compact soil upthrusted
by the explesive force. The lip ejecta is fall-back material and is noun~
trivial. let us now examine the test data and derive tharafrom a puggested
set of vules.

We initiate the discussion with a set of data obtained at Fort Polk,

. ey
i 4

Lousiana: 1000-1b TNT spheres were detonated in or on silt stome. The
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soil was wet (> 85% saturation) except for one event, #1, where the satura-

tion was only about 50Z%. The pertinent results are given in Tahle 12.

TABLE 12
APPARENT CRATER NIMENSIONS

Event No. 1 2 3 4 3
HO3 (charge radius) -1 0 +3.5 +1 =-0.5
ra(ft);(ta/wl/3) 11.4 10.4 7.9 6.9 10.2
(1.14)  (1.04) (.79) (.69) (1.02)
a (e0y; @tldy 5.7 4.3 2.7 3.0 5.7
.57 (.43) (.27) (.30) (.57)
v, (ie)) - parabolic  §59.3  703.1 254.6 114.4 729.4
Soil density (#/£:°) 85 112 108 120 120
Crater Efficiency
(§c3/:on) 1719 1406 509 229 1439
(£t3/1b) .86 703 (255 .115 .73

* » -
Harvey, W. T., et al., Neag-Surisce Cratering Experiments, Fort Polk,
Louisiana, AFWL TR-74-3531. November 1775.

We cbserve that the ceratar racius appsars " increase with dacreasing

height of burst siace the coupling erergy imto the ground imcreases.

In Fig. 7, we see the effect of some soil types on the crater radius
and depth as a function of scaled burial depch. Clearly the two extrames.
Rmarine =muck and basalt., behave as expected. Further, as the Surial desth
increasas the cracer depth increasea iairially and then decreasges.
Eventually no cracer i3 formed. The data from Ft., Polk tasts agree with
thé sandatona curva.
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In Figs. 8 and 9 we present data on the c¢ratering ability of 21000-1b i
and larger spherical charges in Colorado soils and different percentages

of soil saturation. These were scaled-down versions of DNA tests, Middle

L b

Gusts, and Mixed Coanany. DRES 1is the Defence Research Establishment,
Canada. The effects of wet aad dry soil are evident. Additional speciiic

data are given in Appendix D.

The shape factors for the various craters are shown in rig. 10,
where the crater shape is normally parabolic or ellipsoidai. For artillery
shells, the elliptical crater has been suggested.

Since we are interested In cratering efficiency, we show this parameter
as a function of burst height (in charge radii) in Fig. 11. Clearly, for
most situations where artillery ov mortars are used, the height of burst
lies between 0 and 1, since the charge radii are only several inches.

Since we are interested in scaling charge weights <100 lb then we should
establish the range of validity for scaling. In Ref. 7, experiments were
performed with 0.08 1b to 0.247 1b of HE iIn simulated alluvial soil. For
HOB = 0, the scaled crater radius and depth are 0.69 and 0.62, respectively.
This result agrees reasonably well with the data obtained with fraction

to multi-ton explosive charges. Similarly, for other conditions we can

assert the scaling 1is applicable.

In Table 13 we have estimated the parameters needed in this model
for several soil types where Item 1 is the values used for the Grafenwohr
tests in November 1978. The values for WSMR are limited since the mnisture
content i{s not available at this time. We caution the reader these are

current values and additional data can modify them significantly.

7Seiferc. K., et al., Experimental Report of Cratering Displacement and
Ejecta Procesges, Physics International Report DNA 4482T, August 1974.
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TABLE 13
ESTIMATED PARAMETERS FOR SHELLS AND MORTARS

- s ‘/ - .
[ten 3o0i. Type; Condition “rxwl/j Cd/wL ’ - 4:{3:15) fg

. * ..03 wre =04 e
1 Sod & soil; wet L TW LT .35 907%
2 - .04 -'03 - g
Sod & soil; dry LTIW 1.0W .33 754
2 lay; wet 1.44 .72 2.0 307%
Clay; dry .5 .3 .12 75%
3 Sandy clay; wect 1.6 .36 2.5 907
Sandy clay; dry 33 .32 .75 75%
Y Silc stone; wet .04 L43 .35 907
Silc scone; dry .9 .2 xR 73%
3 WIMR soil; wet 1.3 .30 1.67 50%
WSMR soil; dry .96 .45 .87 735
8 Alluvial soil; mojist .71 .3l o3 30%

“»
Cratev may be larger at the surface, we 3ssume nare an effective cratar.

T135-mm live shell.
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3.2 THERMAL EFFECTS

3.2.1 General Discussion

“he detonation of a high-axplosive charge genarates a nigh-temperatura
environmenc including shock-heated air. The eav.ranment is a high-
temperature, low-pressure bubble (fireball) which expands and rises. [t
is responsible for the later sctages of the dust cleu’ behavior and the
radiant power history. Here we will discuss the - ww.arature sources and
the emitted thermal radfaticn and attempt to estimara the late, low
temperature, characteristics of the cloud that are importaant to Chermal

electro~-optical systems.

First let us consider zhe shock wave affsccs on he ambient air chat

1/3 .
o£Cur at times ilOW‘/ @sec. Several significant variables are given in

Table l4.

TABLE 14

SPATIAL OISTRIBUTION OF SHOCK-HEATED AIR FOR
ATMOSPHERIC JETONAT!ON

Reduced

Radia!l Peak Shoek Peax Shock Reajdual

??:53?73} Ove?§:2?3ure T@a@fg?ture rewpféitu:e

LESTL L2sf) (Cy €)
<. 93 250 3Ll 233
4031 100 399 e
3.5l 30 233 3
8.38 30 153 37
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Sarninictd

The shock-heated air will be engulfed by the dust cloud at lazer times,
As will be shown later, the cloud radius is -~5,5wl/3 1/3

at t = 0,1W sec
1/3 /3
and > 10W (ft) at t£~0.35W sec. Since we are concerned about longer

i 1/3

time periods (~4W sec), the [ireball effect or heated cloud is of

greater significance.
*
The luminous cloud has a definitive thermal pulse--a first peak,
second peak, and a later tilrd peak resulting from the riging TNT debris

afterburning. We can write for the peaks the following scaling laws:

‘2W1/3 (usec)

cr
]

l s
tz = ISOWl/3 (usec)
t3 = Z.SWl/3 (msec)

The radiated power (for an HOB = 1) normaiized to t, is shown in

2
Fig. 12, and the integrated value in Fig. 13. Although the latter implies

[ORper——

that the normal radiation is ~—~10%Z of the blast yield, the probable value
is closer to 30% since the sensors measure primarily visible and near-

infrared radiation.8

Let us now consider surface heating. For a 1000-1b charge the fire-
i ball radius, =2t lU msec, is ~3.6 m. For a 500-ton charge we observe a
value of ~39 m at 100 msec. Thus the Wl/3 scaling agrees with the observed
; results. These rimes correspond approximately to times of their respective
second peak. Hence, 1if scaling holds, we have a 1-1b charge, a sphere
{fireball) whose radius is 0.36 m. At this time scale ~10% of the cotal

energy is radiated.

{ For a 155-mm shell, W = 7 kg, the fireball radius is 0,88 m at 2.26

msec. Hence, the energy radiated is

*
' Tt should be noted that it takes sbout 6 psec for the detonation wave to
reach the surface of a l-1b spherical charge.

8See diserssiun in ¥, B. Porzel, Introduction to a Unified Theory of

explosiong, NOL TR~72-209, Sepsember 1972,
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6

Q = (0.1)(0.1)W x 10~ cal/kg (18)

=7 % lO4 cal

where the thermal power is 10% of the explosive yield. The ground ir-

{ radiance is therefore

- 4
H = —95 cal/cm2 a i_ﬁ.lgi (19)
T 4m(88)

Consider this input to 1 cm2 of surface of thickness, t; then the temperature

rise is

0.72 cal/cm2 = ocpAT (20)

where p = soil density

cp = gpecific heat
or, for t =1 cm
AT = 0.,72/(2.6)(0.22) = 1.26°C (21)

Siuce the ivradiation occurs at shorter times and radii, the increase may

be £ 3°C which under most conditions is unimportant.

Thus we suggest that the surface heating for explosive events of ‘
interest to this study (artillery/mortar munitions) is unimportant in

calculating the overall cloud thermal effects. There is semi-quantitative

evidence that the crater is warm. Long-term observations (42 min) after a

multi-ton event showed that in the nsar field, {.e., 2x crater radius, the
surface temperature was characteristic of the subsurface ambient temperature

- and then dropped to the normal amhient surface temperatures at 3x crater

[RRS

radius. This implieg that background temperatures can be disturbed by the

; i ‘ explosion for long periods, and furthermors, may depend upon the season ;
[ AT

i of the year. {i i
i




The work done by che explosive on the soil and the hot cloud fallout

into the crater can contribute to the warm c¢rater temperature.

3.2.2 Cloud Temperature

Above, we have shown that the ground neating and shocked heated air
is not significant since the fireball heating of the dust cloud, which
includes the latter, is the dominant mechanism. The temperature history is
important for two reasons: (l) residual heat to generate a bucvant cloud;

and (2) target obscuration,

Quantitative measurements of thermal radiation produced by high-
explosive detonations are limited and these, until recently, to relatively
large events. Ia Fig. l4 we present the power-time results from a 500-ton
avent in the spectral bands A £ 2.5 um and + £ 4.3 um. The effect at ~4
sec is due to either afterburning or uncovering of low temperature d.et:z'is..’i
Correspondingly, the mean temperature of cloud vs. time is shown ia Fig. 15.
The extrapolation to lower temperatures is a ccmplex problem; however,
this has been done analytically (see Fig. 16) and can be used for other

; charge weights by using the scaling factor (u/li.é)‘/B.

The cooling of the hat - warm dust cloud is given by a relationship

of the form

AT @ :To exp [-(3h/:cpr)cl {22)
| where h = thermal transfer coefficient (cai/c:;2 seec T}
| o = particle density, g/fcc %
cp = particle specific heat, calig °C ‘
r » particle radius, cm

*
L We note here th% aven at t = 30 seq, thave is an amount of thermal

radiation emitteu at wavelengths of interest Lo some thermal systems.
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The exponent i3 =~(3 x 1,356 x 104/(2.6)r = 6,51/r, where r is in
micrometers, and therefore, the (AIlO/ATl) for r = 10 um is ~0.521/1.49 x
b ; 21 ¢ \ /A
10 * = 1/350 and 1/671 for JT(ll),QTl.

observed values for the 155-mm event, and the curve scaled from large INT

These values do not disagree with

charges; see Fig. 16. For r different than 10 um, the times may be faster

or slower if less or greater than 10 um, respectively.

For buoyant plume calculations we assume that 300 cal/g of TINT is
the appropriate quantity and the duration is t (sec) = 4.1w1/3. This
quantity does not scale precisely since for larger events the cloud pene-
trates to greater altitudes, i.e., to lower temperatures, giving greater
buovancy. For example, a 100-ton event was reported to stabilize at an
alticude of —~8000 ft after 300-480 sec, whereas the above expression

would suggest ~ 240 sec.

Alternatively we can use Fig. 16 in the following fashion: if the mean
cloud temperature > AT of the ambient air temperature corresponding to
cloud Az (temperature at cloud top minus temperature at cloud base), it is

buoyant,

Although the above is directly applicable to an explosion on the
surface, extension to near-surface burscs will introduce smaller errors
than other uncertainties. For example in the HOB = -l case. the high-
temperature bubble will be non-spherical due to the initial venting process.
Also the crater will be hotter chan for HOR = +l.

For events like Fort Sill, i.e., small particles, the cooling ahould
be faster.

3.3 CLOUD DISPERSAL
In Ref. & the generation of the dust cloud and dispersion of this
~loud are described in detail for the case of HOB s 1. The results are

given in Sec, 3.4; that is, for the lofted ccater mass.
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3.4 INITIAL CLOUD VOLUME

The sercnd stage {s defined when an iairial volume is lofted into
the atmosphere, f{orming a parabolic dust cloud. This stage occurs within
a gcaled time, ¢t £ 0.1w1/3. Hence, the volume is

- )
r - - e . - {
VCL(C) 3 Dci (t) ﬂcL(:) 23)
E . 1fie Fig. .
where Dcl Hcl are specified in Fig. 17
! 1
For ~xample, at ¢t = O.le/Z. D/W‘U3 = 10.8 ft/(lb)Ll} and H/'J"/3 -
6.6 Et/(lb)1/3; therefore
/3 . s 24
VCL(O'IW ) 320W (24)

Hence, for an axplosive charge of weight W = 13 lb for wet terrain, the

3

*
concentration C Ls ~3.5 x 10 g/m3.

3.3 GROWTH OF MAIN CLOUD AND STEM
for the ctime period O.IW*/3S ¢t £ O.JWLIB, we treat cthe growth of the

stem and the main cloud separately.

The stem diameter i3 considered to pe = 2 crater diameters. We con-

sider, fov computational reasons, that the stem L3 a cyiinder.

The main cloud i3 also defined as a cylinder whose volume {3 given by
the expression

- 3
Vel(!) - f Dci'it) + T(2) (33)

whare T(t) is che cloud thickness; see Fig. 17. The 2rem value is definmed ae o

3

" cop vy 3 N
Note fe/(ib)” = [.& < 10 afa”.
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Vs(c) = 47 Ci . Hs(t) (28)

wherea Hs(c) is the stem height and given in Fig. 18. The overall cloud
helght is Hs(c) + I(c).

At this time we assume that the cloud has stabilized at a height

defined by W only; that is, we include the effect of lapse rate as part of
the plume,

The buoyant plume in 3till air is a special case, see discussion in
Part L. On the basis of limited data and analysis one may estimate that

the height of the cloud 1is given by the value
H=3.7F" (m) 27

where F = 3.6 x 10-3 Q (cal/sec) and Q = (103 cal/gm TINT) - 433W ¢
M )
0.3 or @ = (1.5 x 10% cal)w*/3, where W s ia pounds.

3.6 L LOUD DISPERSICN

¥ 3 *
For times greater than t = O.3hl/ we assume the dust cloud is

) 9
dispersed like a low-order thermal, statiomary source.

For the prasent we limit the discussion for dust cloud dimensioas
at or near stabilizacien when HOB = 0 and -i. These are listed fu Table 135.
Like the digpersion of the HOB = | ¢asze, the dust clouds for HOB = 0 and
-l are dispersed by the methodology described in Part 1. This includes
the thermal effect desaribed {n Seec. 3.2, namely 300 cal/g of INT is

. , 1/
available for a time ¢ = 4.14°'° sec.

Again we assume to a firse approximatian the =353 concenrration i3
yniform. In the next subsaction ve comsider gualitacively the subject of
ron~unifora distridbucion.

aave

9Zirkiad. .. An Ohicyrinz jarazol Dispersion Madel, Seneral Regearsh
Covporation Repors CR~231, Decexzbar 1978.
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TABLE 15
CLOUD CIMENSIONS FOR HOE = 0, -1

Cloud Heizhy (Et/wL/B) 7 £.2
“loud D.smeter (E:/wl/j) 6.84 5.5
stem Diameter (fc/wl/3) 1.14 1.0
Stem Heighe (fo/W~!%) 2.28 2.0

3.7 MASS DISTRIBUTION

One of the uncertainties in explosive-relaced phenomena is the
spatial-temporal history of the lofted dust. Alchouglh the earlv history
is responsible for the flov field internal to the dust cloud and the dust
distribution, our interest is in the later stages. Experimental data are
limited particularly for artillery/movrvar munitions; however, the general
behavior is reascnably understood. It should be noted that the data from
large HE detonations are not direc:tly applicable in view of rhe heights
reached, thousands of feet abeve ground level, to which the dust cloud rises--
the vertical atmospheric wind and temperature structure are differeac.
Nevertnheleas, the creation of 4 cloud scem and 2 vising vorzex in the main

cioud are also characteristic of aear-zurface esplesioas.

Obsarvations for large dewcoations afcer the ialtial rise i{ndicate

that the horizontsal distribucion in the cloud mas a form shown below: that

}
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is, the primary mass is located in the vicinity of the vortex center, and
a relatively small amount of dust is conccntrated around the axis. The
stem distribution will have a form similar to the one shown below: the

stem extremities (x) are increased

/

due to limited quantities of upswept ground dust. The vertical distribution

#

is a resuit of the wrtical motion and the sedimentation.

3.8 MASS COWCENTRATION
The swept-up dust 1s part of the stem ard increases the outer radius

somewhat,

rom the above sampling results the vortex center appears to exist
equidistant from the axis, and we may assume the vertical location is the
center of the cloud. In time, turbulence will vertically mix the particulates
in the cloud. On the other hanc. sedimentation (fallout) plays an important
role in altering the mass ana size distribution in the cloud and stem; that
is, the larger particles settle out by inertial forces. This is illustrated
in Fig. 19 for a 100-ton event, HOB = 1. The mass vaiues given are for

a horizontal column of unit area at that altitude and time.

On the basis of the above, for charge weights of battlefield munitioms,

we consider that for normal wet soil about 907 of the soil ejected will

SN B s T e s

o N NERY

settle early and therefore, 107 will constitute the dust cloud and stem.
In fact most particles in excess of 100 um will fall out in the first 10
sec. Ou the other hand, if the soil in the dust cloud is made of small
parvticles, ag exemplified by Fort Sill, the large fraction of the ejected
wass may remain alofte,

e g s P A hte s

If there is a need to establish a nor-uniform concentration then for

P

the wain cloud, above the stem height plus 3 m, we suggest the vertical . /

143 ‘




e ——

. *

ALTITUDE (x10° ft)

]

® — MASS (g - 107T)

9 et /——P‘_._
- CLOUD
/ 35
| /
bt ,’i‘ /
2 20
€l
TN
/
b / 50 ®N Particie Trajectory
e \ \™ 200 ym
l H ]9] . ’
3 il ° 30
! 175 \ g
/ ; o e el04
IOF B A | 1g\e,
!/ \ 300 um
I/ .
W \ 400 um \
a/"
i I ! ! | | | i !
n 2 G 6 8 10 12 14
TIME (min)
Figure 19. Cloud History for Middle Gust III; (100 T), HOB =1

40

O

FIR Y
—

"*ﬁn

[T




3 mass distribution is of Gaussian form with the halfwidth about the cloud
toroid center equal to toroid thickness/2. Similarly, for the horizontal

distribution, we may assume the shape as shown above with the same nalf-

width as the vertical distribution. Since turbulent vertical and horizontal

mixing will exist, uniform concentration occurs after a time ~20-30 sec.

For the model presented nere we assume uniform concentration in the
i cioud and stem; however, the mass differences will yield different concentra-

; tions for both.

Since the height of the clouds attain values of 30-40 m, we disperse
the cloud in the following manner: (1) stem, (2) top layevr, and (3) cloud
center. Obviously the cloud height is established from the top-layer
behavior, the overall width from the stem and cloud widths. The dispersion
algorithms require the mean wind speeds at the respective heights. Thus
we use an average u for the stem at ~2 m. To find the values at the dif-

ferent altitudes we can suggest the following:

v
- X
Stem: u(z) 57 in (z/zo) (28)
{ = g -2 -2 :
! where Vx = frictional velocity = (1/2)Cdul (Cd~ 4 x 10 7) L
i N
zg = surface roughness; see Table 8, Part 1 H
% U = mean speed at 0.5 m %

For heights >4 m, employ the power law: :

it

| G = G (2/z))P (29)
I where 2 is 4 m and El is the mean speed at 4 m. The values for p are the %
following: neutral - 0.142; unstable - 0.1; stability G - 0.8. Values of %

?i . 0.3 and 0.5 are suggested for stability classes E and F.

o

Although a surface surge is associated with the shock wave, we will

neglect this effect for several reasons:
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1. The height of the surge cloud can be expressed as

H (ft) = 2+4P + t (sec)

and, since we are interested in APs ~ 0.1 psi and
t -~ .003 sec, H (ft) = 2.(0.1)(0.003) = 0. Further,
the shock strength would be too weak to raise signi-

ficant dust from the compacted soil.

2. The material velocity of the air behind the shock wave

is only ~ 1.7 m/sec.

3. The effect of the acymmetric jets shouid be more

important on the near-surface obscuration.

Hence any dust raised by the surface surge will for modeling purposes

be considered as an integral part of the initial cloud.

3.8.1 Settling Speed

The particulate material within the cloud will settle out provided
the vertical downward velocity exceeds the upward wind speed where the

latter 1is approximately one-fifth the mean horizontal wind speed.

Consiler a spherical particle to be acted on by gravity. The force
is then defined by

4rrr
F=——2gl, -0) (30)

where r = particle radius, cm

981 cm/sec2

o
1]

particle density, g/cc

©
[}

kel
]

air densgity, g/cc

For particles at comstant velocity we can apply Stokes Law to define the

———— 4

resistance force; i.e.,

[P

L e e
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R=6mm «r ¢ v (3D

h

where n = coefficient of viscosity (1.8 x lO—a g/cm sec)

<
]

particle velocity

At this point we need to examine the character of Stokes Law. The

drag can be defined by the expression

2
R = (l/Z)Qav CDA (32)

where CD = drag coefficient

A = particle area
or, for the Stokes case,
CD = 24/Re (33)

where Re is Reynolds number = svD/7n. One may show when Re > 1 that the
Stokes value for CD underestimates the drag, and a more appropriate expres-

sion is

C. = 0.06 + =2 3
D ' + Re (34)

To find the settling speed for Stokes particles, neglecting SR L
have F - R = 0 or,
2

2
" opr (35)

olr

v.
2
Substituting the values for g, n and opt'. we have for a 2 g/cc particle,
« . 102
ve®2,35x10r (36)

Hence, for a 10-um particle, v = 2.5 cm/sec. For a 100-um particle, v =

2.4 m/sec, Experiments have shown that the terminal velocities for 100-um,

LA e 3 AR BT




1000-um, and l-cm particles are 0.5 @/sec, 6 m/sec, and 22 m/se¢, respec-

=*
tively. For our use here we assume Stokes Law for r £ 30 .m (v £ 0.5 m/sec)
and the experimental values for r - 50 um. If this is the situation, then

in 10 sec all particles with r 2 50 .m at heights 2 5 = will settle out,

.-\lvarezll examined the effect of relative humidity on precipitation
of ambient hygroscopic particles.‘ His data indicate that, if the relative
humidicy > 74%, the suspended particles approach precipitation weight and
by 91X the particles are heavy enough to precipitate. This situation may
be exascerbated in a dust cloud. Again, there is little data on the relative
humidicy within the dust cloud; however, the local value must be elevated

above ambient conditions.

=
The general equatiosn of mction is defined as

'y 2 L]
y = -g - (18./2D7)y

2 e
X = -(182/00%) %

from which we obtain

u -3t
X = xq ¥ 3 (1 - e

)

2t at

> -
Y S yg - E= (Vo/a + 2/a”)(l - e

" )

where u,= mean hogizon:al speed, VO » initial vertical velocicy. and a =
18 u/eD” = 18 /D=,

Alvarez, R., "A Study in the Changes on the Quantity of Aerosol Particles
in the ambient Medium as a Raesult of Fluctuazions in the Relative Humidicy
of the Alr,"” Izv, Atmospherie & Oceanic Physics, Yol. 13, Ne. 12, 277,

p. 91ll.

11

It should be noted that this effect oa hygroszopic smokes has anot been
examined and may affect the yield of vhosphorus-derived smoke clouds.
Alsc ambient particles are £ 10 um, whereas dust particles are primarvily
> 10 um.




4 VALIDATION TESTS

As 1n Part 1, we present here several tssts of the dust model dis-
cussed earlier. Unfortunataly, the many tests performed to data have
limications; %.at is, the data are unavailable (Grafenwohr 1979, DIRT-1};
the data are aot complete (Grafenwohr 1978 and others); for live firings
the exact detonation location relative to the samplers are unknown. Further,
few tescs of single or multi-individual rounds are available for analysis.

If the test consists of several adjacent rounds, £ 25 m*, then interactive
affects occur that are difficult to model accurately. Notwithstanding

the above, we will present several cases.

Test 1 - Grafenwohr - November 1978: NV & EQ LAB

Input Conditions:

u - 3.35 m/sec
Pasquill Category - C
Ground level - 999 mb

Muni{tion

Ine 1535-mm shell arcillery delivered

The data provided were limitad to semi-quantitative cloud geometry
and the transmission tv cthe 8-12 um spectral region.

In Fig. 20 we show that the cloud height is accurately predicted

whan the buoyancy (heat added) is takenm into account. Ia Fig. 21, we present
the caleulazed concentriazion and transmission and the measured transmission.
Although the pracrical imnlication between the twe transmisalons are small,
the measured va.ug {3 2< the calculated. There are several possible ex-
planationg: (1) the extinntion coefficient {3 too large; (2) the con-
centration i3 too high; or (3) both. The underlying reasom is that the
transnisscneter (s asar the sloud base and conssqueatly, the particle sizes
say be different (larger) cthaa in the other parts of the ¢loud. and the pares
0f the line of egight ave not filled with dust.

e e e 4 i

L]
dalf distance.

149

= e S e S TR ‘ fm P SN e -: - a——

.9




:-.uﬂ..
- %
P
© s ae st i e ORI T WAL TN,

—_ | S syt |
awy], ;0 uoyldung v se IYIya pnoy)y o7 Landiyg
(09s) Wil
9L St +L €1 &t 1Lt ot 6 9 ¢ 9 § v £ 2 1+ 0
ﬂl. v '’ i T T v v v T LAy S St | v T ]
42
Pa43AL(3P [{3YS WMI-GG| 3ugQ
J9s/w gg°g - (wg) n 4
7 - Kaobaje) [|Lnbseyd
qu Q96 - AYOMLIJRUY \: 9 _
!
Lﬁm o
USURUNSEI — gy bt A ,
—p
1 1] 5
. m
o e hs ¢ N— Hn.NHu .
T / = ¢
e o \.\ AR ”
1034 ON +—— / = y
Aw Q— bt ;_, :
+ £1 A,A
\\\- .
- “—1RAH YILN ¥ o i
\\\ NV "“‘
" » 4
.\\\ '
[ gl + b 4 QN
— m.n. — —
{ 92
< 92
i
le



R R DRI e ah el 3.3%&@?”‘,‘@

[[PYS W GG »urn 10J AWIY, “SA UD[SSTWSURIL *UOTILRITAIU0) ‘37 ~andig

ON (%)

RANSMISS!

T

0t
2l
i

9l
8l

0c

(09<) INTL
9L sl Pl €1 2l Lt 0l 5 ) L 9 ] ‘v £ Z 1 0
I.I#l.llh.lh.- A ¥ ¥ ¥ YUY T Y TTIYTT T T Y 7 0
I — L N
/./. . - m
~-
. ~ 4 ot
-
. 1 s 3
* «y
oz g
[ ]
{62 °
.M,w
W
4 08
g
1 G¥
a3¥NSY3IN
] e




Test 2 - Grafenwohr - November 1973

input Data:

Y ~ 2.5 m/sec
Pasquill Cacegory
Visibilicy

]
(9]

2 ka (high humidity)
1°c

Two 155-am artillarcy
shells delivered; detonations 25 m apart

Ground temperature

Munitions

[

Results

Apparently the two events occurred simultaneously, and tharefore, the
shock interacts at ~12.5 m at 97 msec. A Mach shock will form at an
altitude of -5 m and then propagate in both directions. The wave will
reach the ejecting mass at 125 msec at a velocity of ~40 m/sec. The wave
will interact with the dust cloud .Jor 0.02 sec in the direction of air flow.
Vectorial considerations yield an average displacement of 1.7 a due to the
wind; i.e., the average ejecta velocity is =40 m/se: at 45° to the verstical.
The horizontal displacement .2 m and 35 =, and the cloud diameter is

-~

increased <~3J3.4 m. The efrect on cloud height {3 small, zl m.

The calculated inicial cloud dimensions dre as follows:

~
W
®
n
(e}
i
~
i 4
3
N

(.08l 3.72 1.49
0.122 5.58 .79
0.742 132 19.0

Subsequent dinensions are determined by conventiomal cxpressions fop
Pasquill Categery C.

In Fig. 22 the cloud height, as 2easured by 3 silicen TV zad 3-12 .a
FLIR, i8 presented ax a Functiom of time. The caleulated walues are pre-

a¢ntéd a8 well as the aettling loaarion for particles 2100 .2, The

- .
arrtri vt

decreade of the height at imfrsrad wavelenmyths is due to the cooling of the
dust c¢loud.
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The cloud widch compavative results are shown in Fig. 23. These and
the above show good agreement. One must recognize that che measured results

are subject to gome error.

Finally, the calculated and measuyred transmissions through the cloud
are oresanted in Fig. 24, The thermai transmission agrees reasonably well;
nowever, the silicon reglon appears 2o have a lower extinction coefficient

than theoretically estimated.

Test J - SWII - Trial 29

The input data are given in Fig. 23, where the second row was datonated
5 se¢ afrer row A. The distance ol §, C, and N transmisgometers werae 40,

90, 140 @ from row A, respectively.

The calculazed and measured C « L for the three transmissometars are
shown in Fig. 26. It should be noted that the shock interaction has bean
taken {nto account; i.e., {ntra and inter row.

The agreement between the two C - [ curves (s exceilent.

Test « - ¥z, 3411, DPI-003%-T2

In Fig. 27, we present the imitial coaditions, the measured C - [
(s0lid) and the caleulated results. If the arrival time is displaced
several seconds then the agreexzent is improved, The mathodelogy uasd here
i3 a3 described ia the tesxt.

Tast 3 - Pr, S§ill, DPI-005-T19

The available inpur conditioms are given below:

) - & m/sac

8alative Humidity - 87%

Tize - llal

Sky - Jugreast

Paaquill Category - {8:timgted) D s

¥nicion = 1, H=l, 103«m= arti.lery zhell
Jelivared
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Figure 25. Layout of SWII-29 Event
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In Fig. 28 we present the calculated and observed cloud height and
width. The results are in fair agreement in spite of the limited input
data to establish thne prevailing meteorological conditions. In Fig. 29
we present the comparative results for C * L, and the results are in

good agreement.

On the basis of the above we conclude that the proposed model can
provide a good estimate of the dust obscuration generated by explosive

munitions.

With respect to the detailed explosive dust model presented here,
a form suitable for operational use is described. For specific calculations
where the actual burst height, soil type, etc., are known, the reader can

obtain the necessary cratering expressions from the basic text.
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5.1

MODEL STRUCTURE FOR EXPLOSIVE DUST

GROUND INPUT DATA

A

Scenario

Line of sight

Munition deployment plan

Munition rate

Sensor type and operational wavelength

Munition Characteristics

Type (caliber, Mk No.)
HE material and weight

Fuze type and setting

Meteorological Conditions

Time of da

Cloud cove

Mean wind speed (m/sec) - surface to 0 m

Temperature T(°C) - 0.5 m and 10 m

y

-
>

Elevated inversion layer
Wind directien

Terrain Characteristics

Soil moisture conditions

Soil type and gradation

Vegeration

Optical Propertias

(1) Effective Charge Weight Caleculation

* W (pressure at sea level/pressure at detonation aleg)

=

a (explosi.e weight)
1 for INT

1.19 for Comp B

1.1 for C=4

0.86 for Sxplusive D
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(2) For ambient conditions and explosives used, compute W

/3
and (weff) .

eff

(3) Establish soil type and condition, enter Table 16, and
find scaled parameters, ™ and By From (2) obtain crater

radius and depth. The latier is only for general interest.

TABLE 16
ESTIMATED PARAMETERS FOR SHELLS AND MORTARS

ltam Soil Type; Condition cr/wl/3 cd/wl/3 . gft3/¢) Ehj
1 Sod and soil; wet 0. 0w % oss 90%
Sod aad soil; dry 0.72u.06 1.0u"93 0.33 757

2 Clay; wet 1.44 0.72 2.0 90%
Clay; dry 0.30 0.30 0.72 75%

3 Sandy clay; wet 1.60 0.56 2.30 90%
Sandy clay; dry Q.55 0.3 0.75 75%

A Siit stone; wer 1.04 0.43 0.35 907
Silt stone; dry 0.9%0 0.20 0.32 757

3 WSMR soil; wet 1.30 Q.30 i.87 0%
WSMR suil; dry 0.96 0.43 0.87° 75%

6 Alluvial soll; moisz Q.71 0.31 0.25 50%

& .
Fallout Yraction (%),

Crater nay be larger at the surface, we assume herve an effeective arater.

' 155-sm live shell.

VR i
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I (a) Determine ejected weight = 5 + ~ charge weight (1)
% = See Table 16
1 271b/£¢%) - sotl type

100 Alluvium moist

335 Sod, dry

70 Sod, wet

125 Clay, wet

100 Clay, dry

100 Sandy clay, dry

125 Sandy clay, wet
140 Sandy clay and gravel
125 Silcstone, wer

9 Siltstone, dry

(b) Lofted weight = (! - mo) * ejecced weight

(3) Main cloud dust weight = (0.9) + loited weighe
Stem dust weight = (0.1) + lofred weight

Retain above for use to find concentracion and particle

distribution, {f desired.

(+) Cloud History - initial
(a) &Eater Fig. 30, find Dc,(:) and HCL\C} for t < 0.l W

(d) EZater Fig. 30, for Dcl(t). ﬁei(tﬁ v{t) vhea t » 9.1 ULIJ
and § 0.3 Hlf}

(¢) Enter Pig. 31, for stem heighy and stwa diameter, i.c.,
Di . GCr.
F ) H @ f =3 2 e } [
{d) Froa (3) we get Vol (?/&)Dcl (e, Jel(c)
\ ! (s) Fram (b) and (2) we have VoI = (+/e)D3(1) » T(¢)
3 -

A " . 3
Vs & C! Ha(h)

"t
St : Sgte: Z a T e ﬁg at bt # Q.3 U*ls {aec)

4
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(5) Concentration - Iaftial

T - * {
Ca 0.3 uotc’deighc (2) g/m3
/4 + DT, ¢ T
ci
- {
C o= 0.1l Lyfz Weight @) 8/m3

>
47CT - H
4 s

We next consider the dispersion of the main ~loud and stem, realizing that

the cloud is still buoyant.

(8) Cloud History - Buoyant Phase

213 . . .
(a) Calculate b * 4.lW , resuitant is time for buovant

shase of major cloud only.

(b) Calculate F = 3.6 - 1077 (300 ¢+ g HE )

(2} Pasquill Category A, B, and C

1/2 271
1 5 %

_“ha:—'-—

u
U at -« m

(d) Pasquill Caregery D

Lio 3y .
show L.gptiegt? lo.s 0.6 5o :.z(*

x}«c
»
e’

x, 1apd/d § <35 atisee’
s 3;?0'Q F o9 a'fseal
3 3
(e} (k) e l.é?l['!'!3 iy
naY

wheve x = 3.9x, for Pasquill Categosy A, 3. C, aad D

=]
[« N
[ #]
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T .

(£) Cat &, F, etc,
i (=t -
Compute 8 = T T +0.098 |; T i{s actual cemperalure
e
, . =, 9.5
Compuce x, = 2.4 u/3
N _
I N Fl/zx“/3 for x € X, U= 2 4m
. - . 1/3
~h = 2.9 (F/us) /
max
(3) u=20
0.23
H a 1.37 o
nax 9 (m)
AT . .
Q=420 W (%g); W = TNT equivalent weight
Nota: The dimensions hers are givea by a righe circular
cona where top radius = (.3 - Hmax and the cone half-angle
is 26°.
(7) Szem: Momentum Dispersion Phase (u > Q)
(a) From input daza and the table decermine Paaguill Category.
2a5QuILL STAZILITY ZATISCRILS
Nizhz
Saw€ana bF Thialy ¢ seas
surface k}nd Tnsolarian Thialy ?v%.ca c
3pecd acl.Q ) ag 243
(m aec 7) Seromg Maderaze  Siight Low Cloud €3/9 Claud
: A A=8 3 - -
2e} A-3 L C £ 7
38 L 3¢ C J §
3-9 C G=-2 J ¥ D
33 - 2 J 2 J
1869




(B) x =g, u?lam
(¢) Cloud Width, ¥

from (a) eater table and comput: v,

Pasquill Cazegory - A y = 9.1 + 0.419
Pasquiil Catagoery - 3 = 9.1 + 0.328v
Pasquill Category - C s 9,1 + 0.23%x
Pasquill Category - D = 3.1 +0.20x
Pasquiil Category - £ = 9.1 +0."3x
Pasquill Category - F = 9.1 + 0.l4bx

(d}) Cloud Rise, z

Note: The stem dust will penmetrate th: main ¢isud base

irom (a) enter table and fiad z.

2x) s 2.73 + 0.39x G # 0.5 = scc Cat - A
@ 1,713 + 0.23x s 1.0 =/sec Zat - A
s 2.73 » .18 { = 1.3 m/3ee Caz - A
@ 2.7} + 0.15x% = 2.0 =/sec Cat ~ A
s 3.7Y « 0137 o.D m/gec Cat - A
# 1.7 + G.11x Cat « B
« 2.1 + 0.07% Jat - ¢
@ 2.7} + 0,062 Cat = 0
@ 2,73 + 0.05%5x% {at - B
= 2.7Y « 0.04L6x Cat = ¥

«70




{e) Cloud Volume: Sten

1

V(L) =(1/6)x ¢ 51 .z

X = ut + DS/Z
y- = y(t) + DS
Lo s

z z2(t) + HS

(f) Concentration (t) = 0.1 E2£§Y%§£BE£ g/m3

{8) Main Cloud Dispersion

(a) Compute u(z)

u(z) =0 (bm)+ (2/6)P

p=0.1, . ..y By and C

p = 06.142, Cat D

p = 0.3, Cat E

p = 0.5, Cat F

p = 0.8, Cat G (43, Table 1)

(b) For unstzable and neutral, cloud sheared at base (4 m),
H (top) and (Hcl - 4) + 2.

For stable categories, shear on.y top.

From input data, find Pasquill Category, see (7a).

x = ut where u is given by above rules
y, see (7c), again use appropriate value of x.
Z, see (7d), again use appropriate value of x.

(¢} 1nversion layers can be treated as defined for smoke.

(9) Main Cloud Dimensions

X=GC+D/2
cl

=1 -,
y y{t) + Dul

Z(t) = 3h(t) + z(t)
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(10) Main Cloud Volume

A simple approach is to assume an ellipsoidal shape; i.e.,

ellipsoid + 4, where X, v, and Z(t) are defined for the top
layer. This will give a somewhat larger volume. ~Otherwise,
we can treat the volume in two parts, the top layer and the

remainder.

ot

For top, insert, compute values for x, ;,

v, =/t ()

For remainder

il DciT 1 _ _
2 = -—-—5—- + (1/3)}’ (£) * Z(t) -

[ =]
.
rT

where u is at cloud center.

(11) Main Cloud Concentration
Concentration = 0.9 loft weight =~ (Vl + V2)

Note: The validations in the main text were performed using

the simple procedure,
(12) Particle Size Distribution
Follow procedure described in main text,

(13) For a precise calculation where the charge center height is
known explicitly, then the crater dimensions and crater
efficiency can be estimated from material in text and appendix D.

The remainder of the procedure is as given above.

The values in Fig. 4, Part 2, are for free air explosions.

For the condition HOB < 0 the reader must employ the relation
wair = W(charge) * exp (-3de)

where p = soil specific gravity and Ad a charge depth/wl/3.
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(14)

Multi-Munitions

In the above procsdure, we assumed each explosion 1s mutually
independent. This is correct provided the charges are about
50 m apart, or the material velocity (see Fig. 4) is
comparable to the ambient u. Otherwise, there are shock
interactions. Since operationally there is no a priori
knowledge of detonation locations and lapse time between these
events; i.e., space and time must be considered, the effects
cannot be modeled until a detailed study of the statistical

characteristics are made.

Again the basic data to analyze the interactive event
is contained in the text, and the reader may analyze any

particular event.
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PART 3
*
VEHICULAR DUST OBSCURANT MODEL

*Note: The basic work was performed under sponsorship of the Defense
Advanced Research Projects Agency and is incorporated herein

for completeqoss.
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1 INTRODUCTION
Experience has shown that military tracked vehicles and wheeled

T

vehicles raise considerable dust as evidenced at F.oving Grounds and in

combat areas. Under some conditions, the generated obscuration creates a
serious problem for offensive systems. We will consider this problem of

} vehicle dust obscuration.

Ground vehicles can raise loose surface material (dust, water, etc.).

The atmospheric loading of cthis materi~l is dvpendent on the type of vehicle,
vehicle speeds, fender arrangement, etc. For dust, we must add the soil
type, soil coheaiveness, grain size, and related factors. The launching
speed and angle in combination with atmospheric conditions, wind speed, and

stability, will affect the dust cloud behavior. For example, particles of

PRRSNO

L7 um launched at a minimum speed of ~7 m/sec will be transported with air-
3 flow motion; larger particles are prupagated by a process called saltation.*
The latter is a looping action where the particle impacts the soil and
i launches additional soil particles.

The quantity and quality of data on dust created by vehicles are
f extremely limited; that 1is, there are no real controlled experiments nor
sufficient statistical data to generate a comprehensive model. Further, the
Z soil types are limited, namely, to those of Army Proving Grounds. The
general configuration of the vehicle will affect the dust cloud geouetry. ,
For the available data, this parameter has not been specifically defined ;

e P s

except in a general sgense, 1l.e., light or heavy wheeled, heavy track. Never-
1 theless, an attempt has been made here to provide several algorithms to :

permit an estimate of vehicle dust.

s e

*
See Bagnold's Blown Sand & Desert Dunes (1934).

,.,-......
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2 TECHNICAL DISCUSSION

First, to generate a dust cloud relatively loose, dry soil 1s required.

Second, the soil particle size distribution affects not only the attenuation
coefficient but also the dust concentration lofted into air and staying
aloft. In Fig. 1 is presented the relation between concentration and p,
percent by weight of particles with d < 74 pm, where the areas define the
cloud visibility at ~ 25 ft from the source. We see if p £ 10%, there is
unrestricted visibility except for high concentration. On the other hand,
if p > 24%, the visibility reduces to = 0 ft, This is understandable since
the more loose powder in the surface and subsurface layers, the denser the
dust cloud, Thus we suggest Fig. 1 is a general plot which may, however,

differ somewhat for a specific situation.

In Part 2, Table 6, we presented the particle gize fractions at
several US Army facilities. The fraction of particles <74 um falls into
the category of dust cloud potential. Similarly, we have shown that at
Grafenwohr the soil has been sufficiently pulverized at a number of sites
to allow dust cloud generation. Of course, the soil should be relatively
dry to be conducive for dust making. It should be noted that clay soils
tend to have large particle sizes (MMD = 650 um) and high cohesiveness
when wet. Therefore, the likelihoe, for dust generation differs radically

depending on locale.

From Fig 1 we can estimate that the photopic excinction coefficient
(in mz/g) will vary significantly; see Table 1.

TABLE 1
EXTINCTION COEFFICIENT AS A FUNCTION p
p(X < 74 ym) "‘e(“z/g)
21 >0.93
9-21 <0.093-0.93
<y 20.093
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CONCENTRATION (mg/ft3)

T T T T T T
VISIBILITY < 50'

N > .93 rn2/g

VISIBILITY 500' - 100°
.093 < 1y < .46 m2/g

10 —

=

10

107t =

1072} . L

VISIBILITY - NO LIMIT
3, < 093 m2/9

1073! n s ' : 4

0 5 10 15 20 5 30
PARTICLE SI2E DISTRIBUTION (% < 75 um)

Figure 1. Visibiliry Zones as a Function of Concentration and p
(Esctimares of Extinction Coefficients Are Provided)
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2
It should bz noted that for typical soil p ~ 15% and, therefore, 3 = .46 a"/g
is a valid number. The spread in Table 1 is very interesting; it shows an

order-of-magnitude difference in extinction coefficient; see Part 2.

Next, we analyzed the concentration as a funccion of distance for
heavy wheeled and heavy-tracked vehicles, where the vehicle speeds were
between 15 and 35 mph and heavy dust conditi-us existed. The expressions
are given below where the concentration is constant from vehicle axis to
adge (halfwidch).

Wheeled Vehicle:

C (g/md) = 6.9489/d°" 2 (1)
Heavy Track:
C (g/m) = 525.3/a%°387 (2)

where d {s the distance in meters from the vehicle velocity vector and is >

vehicle width/2. When the surface dust is light, the values are reduced by

an order of magnitude.

Lastly, we have reduced a set of data for heavy-wheeled vehiclas in
light soil that related the number of vehicles in a coanvoy, vehi. e speed,
duration of dust, and distance {rom vehicle route, i.e., N, u (mph,, ¢ (sec),

and d (ft), respectively.

The general form of the expression {s

e-Su/d

N/ @ (N/:)asy {1 - ) (3

where 2 i{s an empirical determined congtant. The preliminary values of (N/t)

asymptotic, {.e., limiting value, and 3 ave

180 ﬂ
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Vehicle Type Soil Type (N/:)asz 2
Heavy Wheel Light/Moderate 0.2 1.8
Light Track Moderate 0.24 2.86
Light Wheel Light 0.14 2.0
Heavy Track Heavy Q.28 5.0

The soil types are defined as follows:

Light p < 5%
Moderate p < 9%
Heavy p > 10%

One should note that £ and d are positive (non-zero), Lastly, the

effect of wind is minor and included in the above, i.e., for winds £ 5 m/sec.

The several expressions given above provides an initial approach to
the modeling of vehicle dust. Basically, the visual observation produced
by generated dust has a duration comparable to the time tne vehicle passes
through the line of sight. Secondly, the extrapolation to another wavelength,
\, the required concentration, would have to be increased (decreased)
directly proportional to the ratio of the extinctior coefficients. Finally,

the above algorithms are valid to cloud heights of 3 m.

181




3

MODEL STRUCTURE

To apply the above expressions, we suggest the following procedure.

Inputs:
Vehicle Speed - u (mph)
Vehicle Tvpe - wheelad or tr
Vehicle Size - light, heavy
Soil Jondition - light, heavy
Soil Type - p, % wt of particles (d £ 74 um)
Number of Vehicles - N

Steps:
1. If the soil is either wet or u £ 10 mph or p < 90%, then

the concentration = 0.

L%}

Establish value of p, soil coadition, location from source
edge d, type of vehicle.

Enter Eqs. 1 and 2 and find concentration. (Note: g/m3 -
35 g/ft3.)

1f concentration < 10-5 g/ft3 and d 2 25 fr, terminate.

If concentration > 10'5 g/f:3. find C vs. 8. C [ is
determined by geometry.

3. To find tramsmission:

Multiply C * L by appropriate extiaction coefficient. If
the veglon of interest is the photopis, thea enter Fig. 1
and find visihilicy range.

4. To find che duration:

Enter Bq. 3 with ¥, u, and 4 and (th)asy and 3 and
compute t.
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APPENDIX A
MUNITIONS CHARACTERISTICS
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Table A2

Some Smgka Gereritors and Pot3

Smoke b Tye Fill Fill Wt/Flow ate
Smoke Generatsr M3 | Fog 0f " 25-30 gal/hr
Smoke 20t . AN-M7 i Fog Ofl (SGF) -

| AN-M7AT  Fog Qi1 (SGF) | -
Smoke Pot ; vl | HC ! 10.0
| ABC-M5 | HC | 3.0
' |
ArSmke ot 1 M2
Table A3
UK Grenades
dmoke [ i gurn | { ! ;
Scraen ' Range | Time ¥ P Time
T/28 . m) . (sac) ! Sourca | Smoka ' isac; ' Fill
i P } : +
L3A1,2,3,4 | 70 (grd) | 53-75 | Point | uhite | |
{ ' ground | X :
t i ' .
i @ = !
LAl P70 (grd)i 30-30 ¢ Point i Green ! ;
‘ , , greund ! : i
| i §
| | 5 . ;
(L7s2 ' 120 (grd) | 30-30 | Paint | Green | !
: ; I ground | ' !
i ! 5 o : !
AL3E P30 | 60-30 | 8 mair, ! - 2 | AP
[C.rzain) | | . ground ‘ L butyl rucoer
L3A! : ; . . ; |
: t % : ; |
LLi3EL D126 f . 10mair, | : boTiCl,,
(For L3AT | | . ground | : D eiten
sractica) ! % ! i | sthe
, ‘. , ‘ i :'
WL g L 3-10 | Green | |
: . ; ' :
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APPENDIX B

A STABILITY CLASSIFICATION BASED ON
HOURLY AIRPORT GBSERVATIONS
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The net radiation index used wizh wizd spedd =0 obtan 3$2a3dils

A STAZTLITY CLASSIZICATION ’AS’J

ECURLY AIRICRT 033ZavaIzcus ®

Thais system of classifving szadbilicy on an hourly basis Zor rasaarch
in air pollution i3 basaed uzen work accamplishad by 3r. 7.
Pasquill of cha 3ricish Metceorological Qffice (see rafarzezce 1 of
texz). Stability near =te ground is dependenc prizarily upon
net radiaztion and wind speed. Without tha infiuence of clouds,
olacion (iacoming radiacion) duriaz the day is dapendent
upon sclar alczizude, which is a function of tine of day and
tine of year. Wanen clouds exisc, cthelr cover and thickress
decrease incoming and cusgoizg radiacicm., Iz this systas
iasolazisn is asctinated by solar alzicuda and zedifiad Zor
axisting coundicions of total cloud cover and cloud ceilin
haeighs., At 2ighs, astimaces of gutzoing radiation ara 3zade
by considering cloud cover. This scabilisy classificacion
systan has baen made complataly gbjective so thas an alactroni
computar can he usad o compucte stabilicy classas. The stadilicy
classas are as follows: (A) ZIxzremely Uastadle, (3) Unscabdle,
(C) Slighzly Unscable, (D) Neusral, (2) Slighzly Stadlae,
() 3=able, (G) Zwsremely Stadle. Table B-l gi?es T
stabilisy class as a functice 9f wind spyeed znd zes radiazionm.
The nez rziiatiun index ranges from &, highas:t positive nat
Tadlacion (direcsad tawarsd the ground), to -2, highest negacive

-

cat zadlacion (directed away frem the eavch). Imscabilicy
ocsurs with high positive ne: radiation and law wind speed,
stabilicy wich Righ negative zat radiacion and light wiads,

azd nautral conditicns with cloudy skies or Righ wiad speeds.

class i3 determined by the followiag procedure:

The Sollcwing explanatios 3f the Pasquill Szadi.ity elagaificatnisn
hag baen dxmsaczad Irem anm aseicle By 2. Iruce Tormar 2 ehd
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(1) If che zotal cleud cover is 10/10 and che calling is lass

than 70CQ feet, use net radilaticn fadex aqual 0 O (whechaes day

(2) Tor aizatzime (aighs i3 dafizad ag r= seriad fzem one
2cuT Yefora sunset to ona hour afzar sunrise):
a. If total cloud cover $4/10, use zat radiatioa index
p)

aqual to -2,

5. If zotal cloud cuver >4/10, use net radiaticn izdax
1.

equal to

(3) Tor daytize:

4. Jecermine the insolation class nuzber as a Sunesian
of solar alzitude from Tzble B-2.

b, If cotal cloud cower $5/10, use the net radfaticn index
i3 Table A-l corzesponding %2 thae izsclatiocn class numbe-.

¢, IZ cloud caver >5/10, modify zha insolation class numbac

sy following these six steps:

(1) Cailing <7CCQ Fc., subtras: 2.
(2) Ceiling 27000 fc. bur < 14000 f=., sudbecsace 1.

(3) Total cloud cover agual 12/19, subtzact L. (This
will ocly apply to ceilings 270C0 ft. simce cases
with 10/19 coverage lelow 7300 fu. ave considared

{n itez 1 abave).

(4) 1If tasolatiem class aumber Raz not Suan sodiiled

3

By staps (1), (2}, av (3) adove, assume =medifia

0.

class 2umber 2qual Ty inmgolatiom 21333 nuzber.
(S} If mcdified inselation class mumbar i3 lass o =
{8) Usa =3e ze: radiazisa imdex i= Tabdla B!

SovTespending o the =adifiad fnsolatism elass

ausnbar.

Attt Ut o

R LS N

R TSI P T TR LT VR JRCL T

e

¥



TABLE B-l  STASTLITY CLASS A3 & FLNCTION OF NIT 22074TTON aND U

Y A T RN

o
g
"y
14
(1]
(&)

s

zz NET FADZATICN TMDEX
(XN0TS) & 3 2 L 9 -l -

(3% ]

.
'—4
5
-

[

~n O
-
(V]
B

kg
w
-~
e W
O
u

(3]
Y

W w
[ 4
(UGG S |
(31
(SRS

o

L
"

(VoI
OO0
(@]

1 T3 I O §

O o uw

.——4
O
O O O W w Ww
o O 0O O oW
(W]
U v
(3]

il 300 D
212 2 3 2 2

-

TA3LI B-2 INSQLATION A8 A FTUCTION OF 3TLAR ALTITTE

.- Vit o o v v —

SCLAR ALTITUTE AaSCLATINH

i
(a) IHSQLATION LSy MN3ER

&~

83° ¢« a Strong
a

80 S Yodecaza

. -
[ ¥H
*
n
"
[}
[V}
A
[ 35 IR %)

s?i -

-
aaBiw

-

a §:3° veax




APPENDIX C

CONTINUQUS VALUES FOR PLUME JISPERSION PARAMETERS PLUME HE[GHT

i95




in Table 10 of Part L we nave defined the vertical rise as 2.73 =

re,

A+ x, where & depends upon Pasquill categorv. For modeling purprses we
have Jroposed a fixed value Zor each category. Actually the parazeter
varies continuously with mean wind speed, u, for values <5 =/sec.
Alzhough smoke normalls is 2ot discharged when u €2 a/sec decausa the
horizontal zovarage i{s lLow, I°T <nmp.etensass we prasweat the value o6 A
for 0.5 % u £5 m/sec (Fig. C..). Similarly, we provided an estimate of

the contiauous values for the lateral dispersion, y = 9.0 + 3 - x.

')
o
4
¥
/

= N
z . N
< -t A *
0.3 \ . uNSTABLE AN
x & NEUTRAL N
g
g 0.2 L
<

<

[s 3

Figure C.1. Plume Parameters at 'ow Wind 3peeds: 132 1A}
Latefa. Spredd (§) = e
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APPENDIX C

ADDITICNAL CRATERING CATA




The US Afmy, Waterways Experimental Station, analyzed the available
data through 1960 and reported the results in Ref. 1. The daca included
results from various explosives 1including shaped charges, various soils
and terrain conditions, and charge weights from €1 1lb to 106 1b., The
results, in algebraic form, are given in Table D.l, where i1 = scaled
charge center location in units of ft/charge weightl/B. It should be
noted that the 30 values for the crater radii and depths vary between

1.5% to 4x the mean value.

In this appendix several nomographs, Figs. D.l and D.2, are reproduced

here from Ref. 1 that show the differences between wet and dry soil types.

Additional data are provided in Tables D.2 and D.3 and Figs. D.3 and

-
“US Army, Waterways Experiment Station (WES), Analysis of Crater Data,
Technical Report 2-547, Report 2, June 1961.
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